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Introduction 
The members of the genus Salmonella are a food safety concern and an animal health 
issue.  The genus Salmonella consists of Gram-negative facultative intracellular bacteria that 
belongs to the family of Enterobacteriaceae.  Salmonella spp. consisting of six subspecies 
and over 2,500 serovars. Salmonella is ubiquitous in the environment and has been recovered 
from almost all vertebrates ranging from reptiles and birds to mammals (Finlay and Falkow, 
1989; Heithoff et al., 2012). The pathology and severity of salmonellosis depends on the host 
and the Salmonella serovar involved, with some serovars being restricted to one or specific to 
a few hosts while others serovars, called generalists i.g. Salmonella enterica serovar 
Typhimurium, are able to survive and/or cause disease in most of vertebrate species.   
Able to survive and cause pathology in many hosts including humans, subspecies 
Salmonella enterica (containing such serovars as Enteritidis and Typhimurium) has been one 
of the significant causes of bacterial food-borne zoonotic gastroenteritis throughout the world 
(Mao et al., 2003; Pfeiffer et al., 2012).  There are about 3.8 billion diarrheal illnesses each 
year in humans worldwide, and Salmonella represents approximately 3% of the cases 
(Majowicz et al., 2010). Thus, global Salmonella impact on human health is high, with 
approximately 93.8 million bouts of illness of which 80.3 million are foodborne and 155,000 
deaths each year.  While these estimates represent the global picture, Salmonella is one of the 
most common sources of human enterocolitis also in the United States with an estimated 1.4 
– 1.6 million cases of human non-typhoid foodborne salmonellosis. It is estimated that about 
600 Salmonella-associated deaths occur each year and industry costs of 2.6 – 14.6 billion 
dollars have been estimated (Mermin et al., 2004; Velge et al., 2005; Scallan et al., 2011).  
Most non-typhoid Salmonella infections in humans are caused by consumption of 
contaminated meat, raw milk or eggs (Humphrey, 2004; Hauser et al., 2010). Salmonella-
contaminated pork was estimated to be one of top five foods linked to non-typhoid 
salmonellosis in humans (Hoffmann et al., 2007; Hauser et al., 2010). Serovar Typhimurium, 
most frequently isolated from contaminated pork, was reported as the third most common 
cause of human bacterial gastroenteritis in Europe and the US (Kuhn et al., 2012; Callaway 
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et al., 2008). Several surveys report considerable incidence of Salmonella among US swine 
farms.  For example, about 53% of pig farm sites sampled in 17 states of the US were 
positive for Salmonella as indicated by the USDA National Animal Health Monitoring 
System (NAHMS) survey in 2006 (Haley et al., 2012).  Furthermore, a study in Iowa 
surveying 24 hog-farms during 2006-2009 found that 71.4 % of farms had at least one 
Salmonella positive fecal sample (Alsleben et al., 2012).  High prevalence of Salmonella in 
swine farms can result in contamination of food products at many levels, as not only 
contaminated meat and processed pork can lead to health risks. Manure from farms with 
Salmonella-carrier swine if used as fertilizer can contaminate fresh produce, edible crops and 
run into human water sources posing additional food safety issues (Guan and Holley, 2003). 
Thus, to reduce the risk of foodborne enteric diseases, control of Salmonella at the farm level 
is an essential step in improving food safety, including meat and not-meat products, such as 
fruits and vegetables.  Various methods have been employed to reduce on-farm Salmonella 
prevalence in swine, including vaccination, use of antibiotics and feed management practices, 
with many of them having undesirable economic or public health issues (Denagamage et al., 
2007; O’Connor et al., 2008; Perron et al., 2008).  A potentially effective and sustainable 
method for addressing pre-harvest food safety issues is through genetic improvement of 
disease resistance in animals.  
Research shows significant genetically determined variation in the porcine immunity 
and/or disease resistance (Sellwood, 1979; Meijerink et al., 2000; Gibson and Bishop, 2005; 
Galina-Pantoja et al., 2006;Reiner et al., 2008;  Clapperton et al., 2009; Richer et al., 2010).  
For example, using selection based on antibody and cellular assays, pig lines of high (HIR) 
and low (LIR) immune response were created. The HIR pigs demonstrated improved 
immune response; however, they also developed autoimmune disorders (Wilkie and Mallard, 
1999; Crawley et al., 2005).  Several quantitative trait loci associated with swine immune 
capacity have been described, including QTL for total white blood cell and leukocyte 
numbers, levels of pre-vaccination antibodies to Escherichia coli, mitogen-induced 
proliferation, stress induced immune response, humoral innate immune response capacity and 
cytokine concentration (Edfors-Lilja et al., 1998; Edfors-Lilja et al., 2000;  Reiner et al., 
2008; Wimmers et al., 2009; Lu et al., 2011). In addition, such inherited immunological traits 
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as number and function of polymorphonuclear leukocytes (PMNs), have been associated with 
swine resistance to Salmonella (van Diemen et al., 2002). Moreover, several quantitative trait 
loci (QTLs) on specific chromosomal regions in swine have been associated with S. 
Choleraesuis burden in spleen and liver 7 days after experimental challenge (Galina-Pantoja 
et al., 2009).  
Biomarker-based prediction of immune status in humans and animals has been a 
growing field of investigation.  Several immune traits have been suggested to predict immune 
capacity of swine including levels of acute phase protein alpha-1, acid glycoprotein and 
subset CD11R1+ or peripheral blood mononuclear leucocytes (Clapperton et al., 2009). An 
essential immune regulatory protein, IFNγ, has also been evaluated as a potential biomarker 
in several studies, indicating an important role of IFNγ-regulated pathways in immunity to 
diseases in humans and animals (Slattery et al., 2011; Reim et al., 2011; Uddin et al., 2011; 
Alsleben et al., 2012; Neujahr et al., 2012). Playing an important role in host response to 
Salmonella, IFNγ has also been associated with shedding of S. Typhimurium in swine and 
shown to play an important role in regulating immune-inflammatory pathways (Uthe et al., 
2009; Huang et al., 2011;  Dougan et al., 2011). 
In summary, research reported in this dissertation was conducted to expand the 
understanding of swine disease resistance-associated genetic factors. Studies were aimed to 
identify genetic polymorphism in functionally relevant swine genes that are differentially 
regulated in response to experimental S. Typhimurium challenge.  Furthermore, research was 
directed to identify genetic variants that can discriminate between pigs shedding different 
levels of Salmonella to determine potential biomarkers for prediction of shedding status of 
swine. Additionally, because of the importance of IFNγ in swine response to Salmonella, we 
chose to investigate IFNγ-regulated genes, attempting to discover biomarkers that could 
facilitate prediction of immune capacity and disease resistance in swine.   
 
Organization of the dissertation 
This dissertation is written in the alternative format. General introduction and in-
depth literature review is presented in Chapter One. Chapters Two, Three and Four describe 
studies completed for this dissertation and are written in the formats appropriate for their 
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respective journals.  The manuscripts contained in Chapter Two and Three were published in 
peer-reviewed journals, Animal Genetics and Journal of Animal Breeding and Genetics, 
respectively. The manuscript in Chapter Four is intended for submission to Infection and 
Immunity.  Chapter Five presents the summary of general conclusions for this dissertation.   
The research presented in Chapters Two, Three and Four was performed by Jolita 
Janutenaite Uthe with following co-author contributions:  
Christopher K. Tuggle, major professor and Shawn M.D. Bearson, mentor: provided 
major support, scientific advice and guidance in all the projects that resulted in three 
manuscripts with two of them already published in peer-reviewed journals. 
Dan Nettleton, Jack C. Dekkers, Long Qu, Tinghua Huang: provided scientific advice 
in performing statistical association analyses and understanding the results of such analyses; 
performed association analyses of single nucleotide polymorphisms and levels of IFNγ with 
Salmonella-shedding and/or tissue colonization phenotypes in swine.  
Annette M. O’Connor and James D. McKean: provided porcine tissue samples from 
Iowa farms sampled as a part of collaborative project for Salmonella prevalence/surveillance 
(Wang et al., 2010). The samples comprised the field population described in Chapters Two 
and Three.  
Oliver Couture: assisted with bioinformatic analysis of SNPs using anexdb.org 
database.   
Amanda Ramer-Tait: provided scientific support and assistance in performing in-vitro 
porcine whole blood stimulation experiments. 
Susan M. Knetter, Yasi Rodriguez Torres: provided technical support for in-vitro 
porcine whole blood testing and assistance in genotyping single nucleotide polymorphisms 
(SNPs) in several selected porcine genes, respectively.  
 
Brief review of Salmonella nomenclature 
Two Salmonella species, enterica (S.enterica) and bongori (S. bongori) are identified 
in the current taxonomy (Tindall et al., 2005; Lan et al., 2009; Agbaje et al., 2011). Within 
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species S. enterica, six subspecies are recognized including enterica (I), salamae (II), 
arizonae (IIIa), diarizonae (IIIb), houtene (IV) and indica (VI). Subspecies are then divided 
into serovars. Several clinically important Salmonella serovars including Choleraesuis, 
Enteritidis, Typhimurium, Typhi, Paratyphi, Dublin, Abortusovis, Gallinarum and Pullorum 
belong to S. enterica subsp. enterica. On the other hand, S. bongori is rarely associated with 
human or animal disease (Tindall et al., 2005). To comply with opinion 80 issued by the 
Judicial Commission of the International Committee on the Systematics of Prokaryotes, as 
well as recommendations by CDC and WHO, name abbreviations for Salmonella enterica 
subsp. enterica serovar Example will be abbreviated as S. Example throughout this 
dissertation. 
 
General characterization of Salmonella 
General structural characteristics  
Similar to other members of the family Enterobacteriaceae, Salmonella are aero-
anaerobic, Gram-negative straight rods, generally motile (with the exception of some 
serovars, such as S. Gallinarum) with peritrichous flagella (Terashima et al., 2008). Three 
antigens classically associated with Salmonella, such as somatic (O), flagellar (H) and, 
mostly for S. Typhi, surface (Vi) are traditionally used for typing of Salmonella organisms, a 
system created by White, Kauffmann and Le Minor (WKL) more than 70 years ago. The 
outer envelope of Salmonella consists of a cytoplasmic inner membrane, peptidoglycan 
(murein) and an outer membrane, with the periplasmic space between the two membranes 
(Miyake 2004). One important glycolipid component of the outer membrane is 
lipopolysacchride (LPS), implicated in triggering host immune signaling in response to the 
pathogen (Miyake, 2004; Freudenberg et al., 2008).  
On the surface, Salmonella also express fimbriae, hair-like appendages that belong to 
a family of proteinaceous surface organelles (Klemm and Schembri, 2000; Wagner and 
Hensel, 2011). Salmonella fimbrian adhesins encoded by large number of fimbrian genes are 
assembled into fimbriae by three independent pathways: chaperone-usher pathway, a general 
secretion pathway for assembly of type IV fimbriae and an extracellular nucleation-
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precipitation pathway (Soto and Hultgren, 1999; Wagner and Hensel, 2011).  Even though 
Salmonella serovars may share common fimbrian operons, there are also some serovar-
dependent differences in the  number of fimbrian operons as well as their assembly pathways 
(reviewed in Humphries et al., 2001). For example, S. Typhi genome contains 14 fimbrian 
operons that include type IV fimbriae, aggregative fimbriae and 12 chaperone-usher 
dependent fimbrian operons. On the other hand, S. Typhimurium contains an aggregative 
fimbriae and six chaperone-usher dependent fimbrian operons, while S. Enteritidis has an 
aggregative fimbriae and three chaperone-usher dependent fimbrian operons (reviewed in 
Humphries et al., 2001). Interestingly however, the sequences of fimbrian genes are unique 
for each Salmonella serovar (Townsend et al., 2001; Wagner and Hensel, 2011).  A variety of 
described Salmonella fimbriae play a role in intestinal colonization by mediating bacterial 
attachment to the target host cells and possibly determining adhesion specificity (Wagner and 
Hensel, 2011).  
Another organelle, the flagellum, is generally responsible for Salmonella motility and 
extends from the cytoplasm to the bacterial cell exterior (Macnab, 2003).  In addition, the 
flagellum has been implicated in a variety of bacterial processes including biofilm formation, 
pathogenesis and symbiosis (Anderson et al., 2010). The Salmonella flagellum is a complex 
structure and is comprised of a basal body that has a rod shape MS ring that traverses the 
cellular membrane, periplasmic space and outer membrane; the flagellar motor; the switch 
that regulates direction of rotation; the cylindrical hook; and the flagellar filament, a thin 
long cylindrical structure with a helical morphology (reviewed in Macnab, 2003). Assembly 
of flagellum at its initial stage utilizes a general secretory (Sec) pathway for secretion of their 
structural components across the inner cellular membrane. To build an extracellular flagellar 
structure, a more sophisticated Sec-independent type 3 secretion system (T3SS) is utilized 
(reviewed in Kimbrough and Miller, 2002; Stephenson, 2005; Apel and Surette, 2008). 
Salmonella T3SS is not only used to export structural proteins; assembled flagellum also 
employs T3SS to export flagellar regulatory proteins into the surrounding environment 
(reviewed in Journet et al., 2005; Jacobsen et al., 2011).  
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Salmonella pathogenicity islands 
Pathogenicity islands are genetic elements on Salmonella chromosomes that encodes 
factors responsible for Salmonella pathogenesis and establishment of specific host-
Salmonella interactions (reviewed in Marcus et al., 2000; Hensel, 2004; Eswarappa et al., 
2008; Sabbagh et al., 2010). Molecular analysis of Salmonella pathogenesis has identified 22 
Salmonella pathogenicity islands (SPIs) with the majority of SPIs acquired by horizontal 
gene transfer (Sabbagh et al., 2010; Fookes et al., 2011).  Large number of SPIs in the 
Salmonella genome (i.e. 7.8 % of the 4.8 Mb S. Typhi chromosome consist of SPIs) signify a 
pivotal role of SPIs in the evolution of Salmonella into a highly successful pathogen (Hensel, 
2004; Sabbagh et al., 2010). While some SPIs are conserved throughout the genus 
Salmonella, others are specific to certain serovars.  
The extensively studied SPI-1 and SPI-2 are conserved in Salmonella spp. and S. 
enterica, respectively, and are known to encode type 3 secretion system, T3SS (Jacobsen et 
al., 2011; Hensel, 2004). The T3SS confers a sophisticated delivery mechanism employed by 
Salmonella to deliver virulence factors directly from the bacterial cytoplasm to the host-cell 
(reviewed in Kimbrough and Miller, 2002). Highly conserved in Gram-negative pathogens, 
T3SS generally displays a needle-like structure called the needle complex, composed of a 
cylindrical basal body, a channel extending between the bacterial inner and outer membranes, 
and a hollow extracellular needle structure (reviewed in Macnab, 2003; Abe et al., 2005; 
Journet et al., 2005).  Upon Salmonella attachment to a host cell, T3SS functions as an 
injection machinery, translocating bacterial virulence factors across the host cell membrane 
directly into the host cytosol (reviewed in Abe et al., 2005; McGhie et al., 2009). A subset of 
T3SS encoded SPI-1 effectors were implicated in enteropathogenesis, intestinal inflammation 
and diarrheal symptoms while another subset was shown to mediate Salmonella invasion of 
non-phagocytic cells (Srikanth et al., 2011). A portion of T3SS encoded SPI-2 that is known 
to contain factors essential for intracellular survival and systemic pathogenesis has only been 
described for S. enterica (Fookes et al., 2011; Srikanth et al., 2011).  
Effectors of SPI-1 and SPI-2 have been shown to be involved in differential virulence 
within Salmonella enterica serovars and to confer Salmonella-host specificity (Srikanth et 
al., 2011). In addition, SPI-1 and SPI-2 effectors were shown to interact with host immune 
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system contributing to Salmonella-mediated immune evasion (Srikanth et al., 2011; Van 
Parys et al., 2012). For example, S. Typhimurium SPI-1 and SPI-2 were associated with 
down-regulation of MHC class II expression by porcine alveolar macrophages (Van Parys et 
al., 2012). Further, S. Typhimurium SPI-1 encoded T3SS effectors can polarize swine 
macrophages towards less bactericidal phenotype and suppress early pro-inflammatory 
cytokine expression (Kyrova et al., 2012; Pavlova et al., 2011).    
Present in all subspecies of Salmonella, SPI-3 encodes the virulence function 
associated with the high affinity Mg2+ uptake system, required for adaptation to the 
nutritionally limiting intra-phagosomal environment (Blanc-Potard et al., 1999; Retamal et 
al., 2009). Extensive variation in the SPI-3 structure has been reported between different 
Salmonella subspecies with SPI-3 being conserved only between S. Typhi and S. 
Typhimurium.  
SPI-4, encoding several putative virulence factors, is also found in all subspecies of 
Salmonella, and is conserved in S. enterica (Kiss et al., 2007; Gerlach et al., 2007). The role 
of SPI-4 effectors in Salmonella virulence remains to be revealed, however, SPI-4 was 
implicated in epithelial adhesion, intestinal colonization and virulence of S. Typhimurium 
and S. Enteritidis after infection by oral route in many mammalian species (Gerlach et al., 
2007; Kiss et al., 2007; Morgan et al., 2004). In addition, SPI-4 encoded T1SS for non-
fimbrian adhesin was implicated in uptake and survival of S. Typhi in human macrophages 
(Sabbagh et al., 2012). 
SPI-5 is common for Salmonella spp. with some genetic variability between different 
subspecies (reviewed in Hensel, 2004). SPI-5 encodes several effectors that contribute to 
enteropathogenesis and are regulated and translocated by T3SS encoded in both SPI-1 and 
SPI-2, signifying a regulatory and functional cross-talk between the SPIs. For example, SPI-5 
encoded SopB, an inositol phosphatase implicated in invasion-associated host cytoskeleton 
rearrangements, is transcriptionally regulated by SPI-1 and translocated by T3SS encoded in 
SPI-1(Knodler et al., 2002; Patel and Galán, 2005). On the other hand, SPI-5 encoded PipB is 
expressed under intracellular, SPI-2 inducing conditions and is translocated by T3SS encoded 
in SPI-2 (Knodler et al., 2002; Knodler and Steele-Mortimer, 2003). Furthermore, co-
regulative function of SPI-1, SPI-2 and SPI-5 but not each of the SPIs individually was 
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shown important in chicken spleen colonization by S. Enteritidis (Rychlik et al., 2009). Even 
though SPI-5 is generally linked with enteric and not systemic infection, mutation of genes 
encoded by SPI-5 and SPI-1 was associated with systemic inflammation of mice challenged 
with S. Enteritidis (Silva et al., 2012).    
SPI-6, also called Salmonella chromosomal island (SCI), was detected in S. enteric 
subspecies I with some portions of SPI-6 found in S. enterica subspecies IIIb, IV and VII, 
suggesting variable genetic organization of SPI-6. Classically known to encode Salmonella 
invasin as well as a fimbrial operons, SPI-6 also encodes a type VI secretion system (T6SS) 
(reviewed in Hensel 2004; Blondel et al., 2009). T6SS, a system described in Gram-negative  
bacteria for translocation of secreted bacterial proteins across host cell membrane was linked 
with bacterial adherence, cytotoxicity, host-cell invasion, survival within macrophages, 
biofilm formation and persistence within the host (Pukatzki et al., 2009). In addition, T6SS 
was associated with pathogenesis of S. Typhimurium and ability of S. Typhi to invade human 
epithelial cells (Mulder et al., 2012; Wang et al., 2011). In Salmonella, T6SS is encoded not 
only by SPI-6 but also by SPI-19, SPI-20 and SPI-21 with majority of Salmonella spp. 
containing SPI-6 or SPI-19 encoded T6SS (Blondel et al., 2009). 
SPI-7 or major Pathogenicity Island is specific for S. Typhi, Dublin and Paratyphi. It 
is the largest genomic island containing about 150 predicted genes and known to encode Vi 
antigen (a capsular exopolysaccharide), SopE (an effector of SPI-1 encoded T3SS) and a 
pilus gene cluster (Janis et al., 2011; Seth-Smith, 2008). In addition, a family of self-mobile 
genetic elements called integrative and conjugative elements (ICEs) has been identified 
within SPI-7 (Seth-Smith et al., 2012). 
SPI-8 is specific for Salmonella serovars Typhi and Paratyphi.  It encodes bacteriocin 
genes, putative virulence factors of presently unknown function (Saroj et al., 2008; Faucher 
et al., 2005).  SPI-9 is found in S. enterica subspecies I and encodes a putative toxin and 
several genes involved in type I secretion system (Hensel, 2004; Ong et al., 2010).  
SPI-10 encodes Sef fimbriae, virulence factors restricted to a subset of Salmonella 
serovars including Typhi and Enteritidis and possibly associated with pathogen-host 
specificity (Saroj et al., 2008). In addition, genes associated with horizontal gene transfer, 
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such as transposases, helicases, IS transposable element, and P4 like-phage proteins, are 
encoded by SPI-10 (Ong et al., 2010; Vernikos and Parkhill, 2006). 
Characterization of antibiotic resistance factors of Salmonella serovars led to the 
identification of another SPI named Salmonella genomic island 1 (SGI-1) in multi-drug 
resistant S. enterica subspecies I serovars, including Typhimurium DT104, Paratyphi B and 
Agona (Hensel, 2004; Mulvey et al., 2006). It was found that SGI-1 contains genes for 
resistance to tetracycline, ampicillin, chloramphenicol, streptomycin and sulfonamides 
(penta-resistance phenotype). Although, chromosomal SGI-1 encoded Salmonella antibiotic 
resistance is thought to be more stable than plasmid-borne antibiotic resistance, the presence 
of DNA mobility-associated genes (transposase, integrase and excisionase) was described in 
SGI-1, suggesting site-specific recombination and horizontal transfer of antibiotic resistance 
genes (Kiss et al., 2012; Hall, 2010). Indeed, variants of SGI-1 present in S. Typhimurium 
DT104 were found in other Salmonella serovars at the same chromosomal location.  
Another SPI common to a variety of Gram-negative bacteria is high pathogenicity 
island (HPI), implicated in the ability of bacterial strains to cause septicemic infections. HPI 
was ascribed to S. enterica subspecies IIIa, IIIb and IV with the role of HPI in isolates of 
some subspecies remaining to be analyzed (Hensel, 2004). 
Two additional SPIs, named SPI-13 and SPI-14 were identified by signature-tagged 
mutagenesis system for S. Gallinarum in its natural host, chicken, infection model (Shah et 
al., 2005).  Genes within SPI-13 and SPI-14 showed high sequence homology with certain 
open reading frames of S. Typhimurium LT2, in the regions of low C+G content 
characteristic to SPIs. In addition, genes homologous to S. Enteritidis cat-2, citE and ctmR 
were identified within SPI-13.  Mutants with disrupted SPI-13 and SPI-14 genes showed 
attenuated virulence in chickens (Shah et al., 2005).  
Three putative SPIs, SPI-15, SPI-16 and SPI-17 were predicted in Salmonella by 
Interpolated Variable Order Motifs (IVOM) approach, a computational sequence analysis 
method (Vernikos and Parkhill, 2006).  Analysis conducted on eight Salmonella genomes 
(such as S. Typhi CT18 and TY2, S. Paratyphi, S. Typhimurium LT2, S. Gallinarum, S. 
Enteritidis, S. Arizonae and S. Bongori) indicated presence of SPI-15 only in S. Typhi, while 
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SPI-16 and SPI-17 were found in all Salmonella genomes analyzed except SPI-16 was not 
present in S. Bongori, S. Arizonae and SPI-17 was not found in S. Typhimurium.  
More extensively studied in S. Typhi, SPI-18 has been identified in many other 
Salmonella enterica subspecies enterica serovars (Fuentes et al., 2008). SPI-18 carries taiA-
hlyE operon encoding virulence factors such as invasion associated taiA and intracellularly 
expressed pore forming toxin hemolysin hlyE (Fuentes et al., 2009; den Bakker et al., 2011).  
Recently discovered SPI-19, SPI-20 and SPI-21 encode Salmonella T6SS and have 
been described in the subsets of Salmonella enterica (Blondel et al., 2009). SPI-19 has been 
identified in S. Dublin, S. Weltevreden, S. Agona, S. Gallinarum and S. Enteritidis, while 
SPI-20 and SPI-21 were found in S. arizonae and S. diarizonae, respectively. Another SPI 
encoding T6SS, SPI-22 has only been described in S. bongori (Fookes et al., 2011).  
Functional role of SPI-20 and SPI-21 in Salmonella has not been studied to date.  On the 
other hand, SPI-19 and its encoded T6SS has been associated with chicken gastrointestinal 
tract and internal organs colonization by S. Gallinarum (Blondel et al., 2010).  It was also 
shown that in S. Enteritidis, mutation-induced degradation of SPI-19 resulted in increased 
colonization of avian host.  
Plasmids as determinants of Salmonella virulence 
Salmonella enterica subspecies enterica (I) serovars, frequently associated with 
infections in humans and animals, contain plasmids that can vary in size from 2 to more than 
200 kilobases (kb) (Rychlik et al., 2006).  Best described are large plasmids about 50 – 100 
kb in size associated with virulence and ability to cause systemic infection by such 
Salmonella enterica serovars as Enteritidis, Typhimurium, Dublin, Choleraesuis, Gallinarum, 
Pullorum and Abortusovis (reviewed in Marcus et al., 2000; Rychlik et al., 2006). Besides 
serovar-specific virulence plasmids, Salmonella also harbor high molecular weight plasmids 
that contain and transfer antibiotic resistance genes and low molecular weight plasmids of 
unknown function (Rychlik et al., 2006).   
Although composition of Salmonella virulence plasmids (SVP) differs between 
Salmonella serovars, generally they contain a conserved 8 kb spv operon (Rychlik et al., 
2006). This operon contains five genes, a positive regulator spvR and four structural genes 
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(spvABCD) whose expression is regulated by chromosomal RpoS (Rychlik et al., 2006). 
Expression of spv genes is induced upon Salmonella entry into mammalian cells and is 
required for intracellular bacterial survival and growth (Stevens et al., 2009). Studies indicate 
that Salmonella serovars that lack the spv genes are less able to proliferate beyond the 
superficial epithelial layer, and therefore, tend to cause gastroenteritis as opposed to systemic 
infections (reviewed in Fluit, 2005). In addition, spv genes are essential in apoptosis 
induction of infected host cells. The spv operon was also found to harbor antibiotic resistance 
genes possibly through recombination between virulence and antibiotic resistance plasmids.  
Investigations of molecular aspects of Salmonella virulence demonstrates remarkable 
evolution of Salmonella extending over a range of horizontal acquisitions such as SPIs and 
SVPs and resulting in the multitude of serovars capable of infecting a diverse range of 
animals from reptiles to mammals (reviewed in Marcus et al., 2000; Feng et al., 2012).  
 
General mechanisms of Salmonella pathogenesis 
Host response to Salmonella – innate and adaptive immunity   
Generally, in response to Salmonella and to overcome the ability of the bacteria to 
evade the host’s immune defense mechanisms, the host stimulates an innate immune 
responses followed by the development of adaptive immunity later in the course of infection 
(Tam et al., 2008; Haraga et al., 2008). The innate immune defense system consists of many 
different components that act in a coordinated manner to fight pathogens at the initial stages 
of infection and to prevent development of a carrier state (Tam et al., 2008; Wick, 2011).  
After Salmonella crosses the host’s physical barriers, the innate immune system induces 
defense mechanisms that include antimicrobial peptides, the alternative complement pathway 
and activation of diverse array of cell types (neutrophils, macrophages, dendritic cells, 
natural killer cells) (Wick, 2004; Tam et al., 2008).  Activation of the innate immune 
mechanisms leads to initiation of the adaptive immune system that involves two classes of 
specialized cells, T and B lymphocytes (Janeway and Medzhitov, 2002; Tam et al., 2008).   
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Peripheral lymphoid organs involved in the host response to Salmonella  
Generally, the first host-Salmonella interface upon natural oral infection is gut-
associated lymphoid tissue (GALT) (Wick, 2004).  GALT consists of lymphocytes, scattered 
throughout the epithelium and lamina propria as well as more organized immune tissues such 
as Peyer’s patches, cryptopatches (CP), isolated lymphoid follicles (ILFs), ILF-like tertiary 
lymphoid tissue (TLT), and mesenteric lymph nodes (Mowat, 2003; Pearson et al., 2012).  
Peyer’s patches are macroscopic lymphoid aggregates located in the submucosa along the 
length of the small intestines that consist of large B cell follicles and intervening T cell areas 
(Mowat, 2003).  Separated from the intestinal lumen by a single layer of columnar epithelial 
cells or follicle-associated epithelium, Peyer’s patches are located immediately below the 
subepithelial dome.  Follicle-associated epithelium, differently from the mucosal epithelium 
of the intestinal villus, has a lower level of digestive enzymes, a less pronounced brush 
border but a greater infiltration of B cells, T cells, dendritic cells and macrophages. Important 
feature of the follicle-associated epithelium is the presence of microfold (M) cells, 
specialized enterocytes lacking both microvilli and a thick mucus layer, thus preferred sites 
for Salmonella invasion (Mowat, 2003; Tam et al., 2008).  As M cells do not express MHC 
class II molecules, they are believed to pass internalized antigens or pathogens to 
professional antigen presenting cells, such as dendritic cells and macrophages, residing in the 
epithelium or in the subepithelial dome (Mowat, 2003; Pickard and Chervonsky, 2010).  
Interestingly, in pigs the structural morphology of the Peyer’s patches demonstrates some 
unusual differences (Rothkötter, 2009).  Although pigs have some conventional jejunal 
Peyer’s patches, they also have the continuous, but short-lived ileal Peyer’s patches (1–3.5 m 
long, depending on age).  In young pigs, the ileal Peyer’s patches lack T cells, interfollicular 
areas and lymphocyte traffic.  Another spiral Peyer’s patch region in swine is located below 
the ileocaecal junction and is characterized by large numbers of 2–3 mm patches that are 
sites of lymphocyte traffic (Rothkötter, 2009).     
Isolated lymphoid follicles (ILFs) have been described in humans and mice and 
represent 100–200 clusters of lymphocytes located throughout the length of the small 
intestine with similar structures existing in the colon (Newberry and Lorenz, 2005; Eberl and 
Lochner, 2009).  ILFs are predominantly comprised of B cells (70%) with smaller 
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populations of CD4+ and CD8+ T cells and dendritic cells.  Architecturally similar to 
conventional Peyer’s patches, ILFs possess follicle-associated epithelium containing M cells 
and germinal centers with B cells, but lack a discrete T cell zone.  Studies indicate that S. 
Typhimurium-infected mice lacking Peyer’s patches and lymph nodes but containing mature 
ILFs produced intestinal IgA directed against S. Typhimurium; however, mice lacking 
Peyer’s patches, lymph nodes and ILFs did not produce intestinal anti-S. Typhimurium IgA 
(Newberry and Lorenz, 2005).  The cytokine environment of ILFs is abundant in IL5 and 
transforming growth factor β (TGFB), favoring the class switch to IgA and suggesting an 
immune response with a non-inflammatory phenotype (Newberry and Lorenz, 2005).  
Cryptopatches (CP), found throughout the small intestine and colon contain dendritic 
cells, common lymphoid progenitor cells and innate lymphoid cells, including several 
subtypes of NK and lymphoid tissue inducer (LTi) cells (Pearson et al., 2012).  Innate 
lymphoid cells represent a unique family of hematopoietic cells that contribute to host 
defense and immune homeostasis.  Able to produce such cytokines as IFNγ, IL17, IL22 and 
IL13, activated innate lymphoid cell populations are capable of resembling Th-1 type CD4 T 
cell response (Pearson et al., 2012).  
Mesenteric lymph nodes are the largest lymph nodes in mammals, and as other lymph 
nodes are comprised of an outermost cortex (lymphoid follicles with B cells), a paracortical 
area (T cells, dendritic cells) and an inner medulla (macrophages and antibody secreting 
plasma cells) (Janeway and Medzhitov, 2002).  Interestingly, the structural morphology of 
lymph nodes in the pig differs from that in humans and other domestic animal species as it is 
structurally inverted; however, the physiology of T and B cell areas are broadly conventional 
(Binns and Pabst, 1994; Rothkötter, 2009).  The major differences lie in the lymphocyte 
migration pathways, as instead of leaving through the medulla into efferent lymph, porcine T 
and B lymphocytes migrate directly into the blood through high endothelium venules.   
In addition to colonizing gut tissues, depending on the site of entry Salmonella is also 
known to utilize tonsils and mucosa associated lymphoid tissue (MALT) of the lungs to gain 
entry into the host (Horter et al., 2003).  Providing protective immunological barrier at the 
openings of the gastrointestinal and respiratory tracts, tonsils consist of lymphoepithelial 
crypts, lymphoid follicles with B cells and follicular dendritic cells and parafollicular areas 
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with mainly T cells, and a few macrophages, dendritic cells and plasma cells (Horter et al., 
2003; Rothkötter, 2009).  Tonsils have been suggested as primary Salmonella entry sites after 
oral challenge of swine with S. Typhimurium and implicated in the development of 
asymptomatic carrier state in swine (Pospischil et al., 1990; Fedorka-Cray et al., 1995; 
Meyerholz et al., 2002) .  In addition to the protective barrier function of tonsils, MALT of 
the lungs, comprised of diffuse aggregates of lymphocytes, alveolar macrophages and 
dendritic cells, protects the respiratory epithelium from microbial invasion (Janeway and 
Medzhitov, 2002). 
Invasion of host cells by Salmonella   
Salmonella serovars, naturally acquired via oral or ora-nasal route, exhibit tropism for 
intestinal lymphoid tissue, such as mammalian Peyer’s patches or caecal tonsils in birds 
(Santos and Bäumler, 2004; Wick, 2011). After entering the small intestine, Salmonella gains 
access to epithelial cells by crossing the intestinal mucus layer, evading being killed by 
digestive enzymes, bile salts, secretory IgA, antimicrobial peptides and other innate immune 
defenses (Haraga et al., 2008).  To cross the intestinal epithelial barrier Salmonella employs 
multiple mechanisms, indicating the significance of this strategy in pathogenesis of 
Salmonella. By bacterial-mediated endocytosis, Salmonella can invade non-phagocytic 
enterocytes of the intestinal epithelium and secretory (globlet) cells located at the tips of the 
absorbent intestinal mucosa (Haraga et al., 2008). In addition, CD18-expressing phagocytes 
traversing between epithelial cells can take up Salmonella, facilitating its translocation 
through intestinal epithelia (Haraga et al., 2008; Tam et al., 2008). Furthermore, Salmonella-
driven destruction of tight junctions between epithelial cells increases permeability of 
intestinal epithelium, facilitating access to lamina propria as well as contributing to induction 
of diarrhea (Haraga et al., 2008).   
However, preferred targets of Salmonella invasion are M cells, specialized antigen-
sampling epithelial cells located in the follicle-associated epithelium overlying the organized 
gut mucosa-associated lymphoid tissues (Lahiri et al., 2010; Broz et al., 2012). Preference of 
M cells by the pathogen may be attributed to easy accessibility of the M cell apical 
membrane due to a reduced mucus layer, its irregular and short microvilli, thinner glycocalyx 
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and more active endocytic and pinocytic uptake mechanisms compared to columnar 
epithelium (Clark and Jepson, 2003; Tam et al., 2008).  Invasion of epithelial and M cells 
starts from the attachment of Salmonella that is dependent on expression of multiple fimbrian 
adhesins (Humphries et al. 2001; Lahiri et al., 2010).  Mutation of the S. Typhimurium gene 
coding for type 1 fimbriae rendered the bacteria non-invasive for swine enterocytes in vivo, 
demonstrating importance of initial attachment in Salmonella invasion (Althouse et al. 2003).  
Host cell factors used by Salmonella for attachment to target cells involve cell surface 
receptors including major histocompatibility complex (MHC) class I, cystic fibrosis 
conductance regulator (CFTR) and extracellular matrix proteins (collagen I, fibronectin, 
laminin) (Dorsey et al., 2005; Lahiri et al., 2010). Thus, Salmonella entry into non-
phagocytic host cells after initial attachment is facilitated by the bacteria itself and host cell 
receptors (McGhie et al., 2009; Lahiri et al., 2010).  
Important sites of Salmonella entry into eukaryotic cells are lipid rafts, cholesterol 
enriched lipid microdomains, found in cellular and endosomal membranes (Lim et al., 2009). 
Bacterial entry through caveolae, a subset of lipid rafts, is believed to be responsible for 
avoidance of lysosome-phagosome fusion by S. Typhimurium (Duncan et al., 2002).  
Exploited by bacteria for host cell entry, caveolae and lipid rafts are used by the host as a 
unique signaling environment to initiate immune-inflammatory responses as different 
signaling molecules, membrane receptors and transporters are concentrated within the lipid 
rafts (Reeves et al., 2012). Mice deficient in caveolin-1 shows increased susceptibility to S. 
Typhimurium and endotoxin, supporting a role of caveolae in mediating anti-inflammatory 
responses (Medina et al., 2006).     
The Salmonella-host interplay during cellular invasion has been extensively studied 
(Ferreira and Finlay, 2012; Haraga et al., 2008; Broz et al., 2012).  Salmonella invasion is 
generally governed by the type 3 secretion system (T3SS) encoded by Salmonella 
pathogenicity island 1 and 2 (SPI-1 and SPI-2)(van der Heijden and Finlay, 2012). 
Involvement of SPI-4 and SPI-6 in intestinal colonization of mammalian species has also 
been reported (Mulder et al., 2012; Pukatzki et al., 2009). Generally, to initiate invasion, the 
contact-dependent T3SS of Salmonella is activated upon bacterial attachment, followed by 
injection of the effector proteins into the host cells by the type III flagellar export system 
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(McGhie et al., 2009).  Over 30 SPI-1 and SPI-2 T3SS effectors have been suggested to 
interact with host cellular components and manipulate host cellular functions (McGhie et al., 
2009). A subset of SPI-1 effectors (Sip A, SipC, SopB, SopD, SopE and SopE2) are known 
to be responsible for invasion-associated host actin cytoskeleton rearrangements (Raffatellu 
et al., 2005; McGhie et al., 2009).  SipA and SipC bind actin filaments and directly influence 
cytoskeleton dynamics (McGhie et al., 2009). On the other hand, SopE, SopE2, SopB and 
SptP indirectly induce cytoskeleton rearrangements by signal activation through small 
GTPases of the Rho family. Key regulators of eukaryotic cells architecture, Rho GTPases 
facilitate formation of actin fibers and focal adhesion (RhoA), membrane ruffles and 
lamelipodia (Rac1) and spikes and filopodia (Cdc42) (Hayward and Koronakis, 2002; Patel 
and Galán, 2005; Haglund and Welch, 2011) .  Cycling between an active (GTP-bound) and 
inactive (GDP-bound) state, the Rho family GTPases interact with multiple signaling 
molecules involved in cell growth regulation, morphogenesis, cell motility, cytokinesis as 
well as trafficking and organization of microtubules and cytoskeleton components (Etienne-
Manneville and Hall, 2002). The activity cycle of Rho GTPases in mammalian cells is 
regulated by 3 classes of proteins, guanine nucleotide exchange factors (GEFs), GTPase-
activating proteins (GAPs) and guanine nucleotide exchange inhibitors (GDIs) that mediate 
activation, inactivation and extract inactive GTPase from membranes, respectively.  
Salmonella T3SS effectors can activate Cdc42 and Rac by two independent mechanisms: 
direct with SopE and SopE2 acting as GEF; and indirectly with SopB hydrolyzing the 
phosphoinositide phosphate (PIP) resulting in ruffling of host membrane, formation of 
invaginations and engulfment of the bacteria (Patel and Galán, 2005; McGhie et al., 2009).  
Furthermore, SopB-dependent hydrolysis of PIP was shown to contribute to formation of 
more stable, larger macopinosomes and promoting bacterial phagocytosis by attracting host 
vesicle-associated membrane protein 8 (VAMP8) (McGhie et al., 2009).  
Activation of Rho GTPases (Cdc42 and Rac1) leads to induction of the downstream 
signaling cascade resulting in activation of actin related protein 2/3 complex (ARPC2), a key 
regulator of eukaryotic cell motility. Further, actin polymerization, leading to filopodia and 
lamellipodia formation results in engulfment of the bacteria (Hayward and Koronakis, 2002; 
Tam et al., 2008). Attachment and invasion of the intestinal epithelium by Salmonella 
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serovars occurs relatively quickly (in less than 30 min in mice, calves and swine infected 
with S. Typhimurium and in swine infected with S. Choleraesuis). Remarkably, about 2–3 
hours after entry, invasive Salmonella returns the host cytoskeleton to its resting state and 
reverses the active cytoskeleton remodeling (Patel and Galán, 2005).  To help the host cell to 
regain its cellular architecture, Salmonella employs another T3SS effector, SptP, that mimics 
eukaryotic GAPs and antagonizes SopE and SopB effects by inactivating Cdc42 and Rac 
(McGhie et al., 2009).    
After passing the intestinal epithelial barrier, Salmonella encounter innate immune 
cells residing in the Peyer’s patches and other intestinal lymphoid structures of lamina 
propria (Tam et al., 2008). It was shown that different subsets of dendritic cells in the lamina 
propria as well as macrophages can uptake Salmonella shortly after oral infection. Dendritic 
cells can also uptake Salmonella by extending their dendrites between the epithelial cells. 
Formation of the dendrite is stimulated by the bacteria as well as signaling through TLRs 
particularly in adaptor MD88-dependet manner (Tam et al., 2008).  It was demonstrated that 
Salmonella that are deficient in invasion genes encoded by SPI-1 are still able to reach 
systemic sites, demostrating bacterial extraintestinal dissemination by CD18-expressing 
phagocytes (Vazquez-Torres et al., 1999).  After uptake of Salmonella, antigen-loaded 
dendritic cells migrate to the mesenteric lymph nodes through draining lymph and prime 
naïve T cells to differentiate into a Th1 subset that subsequently home to the gut, produce 
interferon-γ (IFNγ) and stimulate host inflammatory responses (Tam et al., 2008). 
Survival of Salmonella within eukaryotic cells   
Salmonella can survive and replicate within a variety of eukaryotic cells (Bakowski et 
al., 2008; Haraga et al., 2008).  Regardless of cell type, Salmonella survives and replicates 
within discrete membrane vacuoles referred to as Salmonella containing vacuoles (SCV). 
Salmonella adapts to its intracellular environment by changing the pattern of bacterial gene 
expression, particularly by up-regulating the expression of the T3SS effectors encoded by 
SPI-2. This system is required for systemic infection, as mutation or disruption of SPI-2 
T3SS genes results in impaired bacterial growth within macrophages as well as epithelial 
cells (Bakowski et al., 2008).  Formation of SCV results in transient acquisition of early host 
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endosomal markers, including Rab GTPases such as Rab4, Rab5 and Rab11 that are needed 
for endosomal maturation and processing through endosomal-lysosomal pathway (McGhie et 
al., 2009).  Further, acquisition of late endosomal markers leads to maturation of SCV in 
Rab7 and microtubule-dependent manner. However, Salmonella T3SS effectors SopE and 
SopB are known to divert the Salmonella SCV from normal endosome maturation pathway 
by interacting with several host factors and resulting in disappearance of the late endosomal 
markers from SCV (McGhie et al., 2009; Schleker et al., 2012). Another Salmonella effector 
SipC is thought to prevent endosomal-lysosomal fusion with SCV within macrophages. 
Furthermore, Salmonella two-component regulatory system PhoP/PhoQ regulates the 
capacity of the bacteria to survive bactericidal cationic peptides of macrophages and also 
inhibits processing and presentation of bacterial antigens (Galán, 2001).   
Following SCV maturation and after a lag period of about 3 h, intracellular bacteria 
begin to replicate. Salmonella replication is accompanied by the formation of extensive 
membranous tubules called Salmonella-induced filaments (Sifs) that extend from the SCV 
throughout the cell, maintaining the integrity of the SCV membrane (McGhie et al., 2009).  
Sifs assisted, maturation-related migration of SCV towards the perinuclear region of the host 
cell, in close proximity to the Golgi complex was shown important in promoting Salmonella 
replication within the SCV.  Salmonella effectors SseG and SseF were shown important 
promoting Sifs formation and in maintenance of SCV in the perinuclear region.  Maintenance 
of the SCV is important for Salmonella in avoiding contact with cytosolic host defense 
proteins (Haraga et al., 2008; McGhie et al., 2009).  Salmonella replication in eukaryotic 
cells is accompanied by a second round of host actin polymerization leading to the formation 
of an unusual meshwork of F-actin around the SCV.  The F-actin meshwork facilitates 
Salmonella survival and replication within the SCV (Holden, 2002; Bakowski et al., 2008).  
Moreover, effectors of Salmonella SPI-2 affect conventional trafficking of several host 
cellular vesicles, especially those containing NADPH oxidase and inducible nitric oxide 
synthase (iNOS), enzymes involved in bacteriocidal and bacteriostatic functions of activated 
macrophages (Fang and Vazquez-Torres, 2002; Bakowski et al., 2008).  Replication of 
Salmonella in macrophages usually results in host cell death that is either due to SPI-1 
dependent activation of caspase-1 or is facilitated by SPI-2  (Holden, 2002; Haraga et al., 
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2008).  Release of Salmonella from apoptotic cells allows for bacterial internalization by 
neighboring phagocytes and further rounds of bacterial intracellular replication, and from the 
host site, activation of protective immune signaling cascades (Haraga et al., 2008).  In all, the 
ability of Salmonella to survive and replicate within phagocytic cells facilitates the 
establishment of clinical infection or the carrier state in the host (Stabel et al., 2002; Haraga 
et al., 2008).  
General molecular mechanisms of the host response to Salmonella 
Bacterial surface structures (LPS, flagella, cell wall peptidoglycan, etc.) are antigenic 
stimulators of the host’s immune response, called pathogen-associated molecular patterns 
(PAMPs) (Mavris and Sansonetti, 2004; Broz et al., 2012).  In turn, eukaryotic cells possess a 
set of pattern recognition molecules (PRMs) that specifically recognize PAMPs (Broz et al., 
2012).  PRMs can sense bacterial ligands extracellularly,  i.e. by outer membrane-associated 
Toll-like receptors (TLR1, 2, 4, 5, 6, 10), or intracellularly, i.e. by nucleotide-binding 
oligomerization domain (NOD) or TLRs (TLR3, 7, 8, 9, 11, 13) located on intracellular 
vesicles such as early and late endosomes and lysosomes (Broz et al., 2012). Recognizing a 
variety of extracellular and endosomal PAMPs, including endotoxin, bacterial lipoproteins, 
peptidoglycan, flagellin DNA, RNA and others, TLRs are among the first PRMs to detect 
Salmonella (Janeway and Medzhitov, 2002; Broz et al., 2012).  All TLRs possess an 
extracellular region comprised of LRR motifs and a cytoplasmic tail or toll- interleukin 1 
receptor (TIR) domain that, similar to the intracellular IL1 receptor (IL1R) domain, contains 
about 200 amino acids with 3 conserved sequence boxes crucial for signaling (Janeway and 
Medzhitov, 2002).  Studies indicate that TLRs are confined within lipid rafts of the 
mammalian cell membrane and their clustering in response to microbial products is crucial 
for signaling (Triantafilou et al., 2004; Triantafilou et al., 2011). Consistent with their 
common role in recognition of microbial components, each TLR (alone or in combination) 
responds to specific microbial structures (Janeway and Medzhitov, 2002).  For instance, 
recognition of LPS from Gram-negative bacteria was ascribed to TLR4, while TLR5 
recognizes Salmonella flagellin FliC, TLRs 1, 2, 6 are activated by lipoproteins, TLR9 
responds to CpG repetitive elements in Salmonella DNA, and TLR2 binds the CsgA, a 
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subunit of S. Typhimurium amyloid curly fibers involved in biofilm formation (Broz et al., 
2012).  Intriguingly, being essential for host response to Salmonella, TLR sensing is also 
needed for Salmonella virulence. For example, mice deficient in TLR2, TLR4 and TLR9 
were less sensitive to Salmonella infection, as in tlr2
-/-
/ tlr4
-/-
/ trl9
-/-
 mice the SCV failed to 
acidify, a process needed for  Salmonella to induce expression of SPI-2 virulence genes 
(Broz et al., 2012).   
TLR4 in conjunction with lymphocyte antigen 96 (LY96 or MD2) and CD14 
comprise the cellular receptor complex for LPS recognition and induction of signaling in 
response to Gram-negative bacteria, including Salmonella (Hershberg, 2002; Bode et al., 
2012).  However, up-stream of the TLR-LY96-CD14 receptor complex, LPS is processed by 
LPS binding protein (LBP), a serum glycoprotein that binds to the lipid A moiety of LPS and 
facilitates binding of CD14 to bacterial LPS (Peri et al., 2010).  CD14 is a glycoprotein that 
is either expressed on the surface of myelomonocytic cells (membrane or mCD14) or is 
present in the circulation as a soluble molecule (sCD14).  LPS processing by LBP and CD14 
can either result in the clearance and termination of LPS responses or in the stimulation of 
immune signaling.  Clearance of LPS involves sCD14 together with LBP catalyzing the 
delivery of LPS to high-density lipoprotein (HDL) particles where LPS loses its biological 
activity and subsequently is excreted from the liver, resulting in termination of LPS 
responses.  Alternatively, the LBP-LPS-sCD14 complex can deliver LPS to mCD14.  Being 
glycosylphosphatidylinositol (GPI)-anchored protein and lacking transmembrane and 
intracellular domains, mCD14, can not initiate transmembrane signaling (Triantafilou and 
Triantafilou, 2005).  Thus, in the membrane lipid bilayer, LPS is released from CD14 and 
binds to a complex of receptors that include chemokine receptor 4 (CXCR4), heat shock 
protein 70 (HSP70), HSP90, growth differentiation factor 5 (GDF5) and possibly CD55 
(Triantafilou et al., 2002; Peri et al., 2010).  Activation of the LPS receptor complex results 
in recruitment of TLR4-LY96 and activation of signal transduction pathways that include 
NFκB and MAPK signaling, resulting in the initiation of innate and adaptive immune 
responses (Triantafilou and Triantafilou, 2005).  Interestingly, compared to dendritic cells 
and macrophages, TLR4, CD14 and LY96 are not abundantly expressed on the intestinal 
epithelial cell surface, possibly preventing dysregulated signaling in response to abundant 
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LPS from commensal bacteria in intestines (Abreu et al., 2001; Imani Fooladi et al., 2011).  
Upon ligation of PAMPs, signaling through TLR4 in response to LPS stimulus 
involves activation of the MyD88-dependent and MyD88-independent pathways (Takeda and 
Akira, 2005).  The MyD88-dependent pathway results in early phase activation of NFκB 
which leads to translocation of NFκB into the nucleus and activation of cytokine gene 
transcription, including IL8, IL10, pro-IL1B and pro-IL18.  The MyD88-independent 
pathway activates interferon regulatory factor 3 (IRF3) followed by late phase NFκB 
activation and subsequent production of cytokines, interferon α/β (IFNA/B) and expression 
of IFN inducible genes (Takeda and Akira, 2005; Broz et al., 2012).  
Salmonella-induced formation of SCV hides the bacterium from many extracellular 
detection mechanisms. However, NOD-like receptor (NLR) family represent an intracellular 
surveillance system for the presence of PAMPs in the cytosol of macrophages and other 
lymphocytes (Broz et al., 2012). NLR family proteins consist of N-terminal protein-protein 
interaction domain, which is either CARD (caspase recruitment domain) or PYD (Pyrin-like 
domain); a central nucleotide oligomerization domain (NOD); and a C-terminal Leucine-rich 
repeat domain (LRR) (Rubino et al., 2012). Ligand binding induces multimerization of 
NLRs, resulting in initiation of different signaling cascades. Signaling through NOD1/NOD2 
has been shown important in host response to Salmonella. Activated NOD1/NOD2 interact 
with receptor-interacting serine-threonine kinase 2 (RIP2) which activates NFκB and pro-
inflammatory responses (Geddes et al., 2010; Rubino et al., 2012).  It was demonstrated that 
S. Typhimurium infected mice deficient in NOD1/2 and RIP2 had increased bacterial 
colonization of the mucosal tissue, reduced levels of inflammatory cytokines and overall 
attenuated inflammatory pathology (Geddes et al., 2010).  In addition to NODs capable of 
initiating transcriptional programs, other members of NLR family can form multiprotein 
complexes, called inflammasome leading to cleavage and activation of caspase-1 (Broz et al., 
2012).  Inflammasome assembly usually requires adaptor protein ACS (apoptosis-associated 
speck-like protein with a CARD), which recruits pro-Caspase1resulting in pro-Caspase-1 
activation by dimerization and cleavage. Activated Caspase-1 (CASP1) then cleaves pro-
forms of IL1B and IL18 resulting in secretion of these mature cytokines. Furthermore, 
CASP1 activation initiates pyroptosis, a pro-inflammatory cell-death program that involves 
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formation of pores in cellular membrane, release of pro-inflammatory mediators, cytokines 
as well as the pathogen itself leading to further amplification of inflammatory responses and 
accelerated clearance of the bacterium.  Infection with Salmonella was shown to activate 
NLRC4 inflammasome, involved in flagellin sensing inside the cytoplasm (Broz et al., 2012).  
Studies indicate that NLRC4 can also be activated independently of Salmonella flagellin 
(Abdelaziz et al., 2010).  Besides activation of NLRC4 in SPI-2-dependent manner, 
Salmonella can also activate NLRC3 inflammasome by yet unknown mechanism (Broz et al., 
2012).  NLRC4 and NLRC4 inflammasomes were shown to play redundant roles in mice 
infection with Salmonella model, both involving CASP1-mediated processes.  However, 
flagellin sensing NLRC4 is likely to be important in host defense early in Salmonella 
infection, while NLRC3 recognizing intracellular bacteria is likely to mediate 
inflammasome-dependent responses at later stages or during systemic infection (Broz et al., 
2012).   
Involvement of microRNA in host response to Salmonella and LPS has recently been  
elucidate, and cell-type dependent microRNA expression programs have been described in 
response to Salmonella and LPS (Schulte et al., 2011; Hsieh et al., 2012; Sharbati et al., 
2012).  Sensing of extracellular  Salmonella was shown to robustly alter expression of core 
set of microRNAs, including miR-21, miR-146, miR-155 and down-regulate let-7 family of 
microRNAs in mice RAW264.7 macrophages in either naïve or endotoxin-tolerant state 
regardless of their exposure to infective or attenuated Salmonella (Schulte et al., 2011).  On 
the other hand, in HeLa cells, NFκB-dependent microRNAs (miR-21, miR-146, miR-155) 
were not responsive to Salmonella, while let-7 family members were still down-regulated, 
indicating cell-type specific microRNA response patterns to infection with Salmonella.  
Down-regulation of let-7 family microRNAs was shown important in response Salmonella 
infection (Schulte et al., 2011).  Members of let-7 family are known to repress several 
cytokines, including IL6 and IL10. Thus Salmonella infection-associated repression of let-7 
microRNAs results in increased production of pro-inflammatory IL6 and anti-inflammatory 
IL10 (Schulte et al., 2011). Such intricate regulation suggests a cellular mechanism to induce 
the inflammation and Th1-type response modulated by IL6, while protecting cells from 
excessive immune response outcomes, such as septic shock and apoptosis by employing IL10 
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(Schulte et al., 2011).  However, it remains to be investigated whether LPS-triggered let-7 
down-regulation always simultaneously de-repress IL6 and IL10.  
Involvement of miR155 was also shown in whole blood of swine challenged with S. 
Typhimurium (Huang et al., 2011). Down-regulation of miR155 in persistent S. 
Typhimurium shedder swine is concomitant with the transcriptional signature characterized 
by elevated IFNG and induction of SPI1 and CEBP-transcription factors-mediated pathways.  
MicroRNA expression analysis of S. Typhimurium challenged human macrophages showed 
induction of miR146 as well as differential regulation of miR23b and miR27b (Sharbati et 
al., 2012). Related to activation of transforming growth factor, beta 1 (TGFB1)/Smad3 
signaling pathway, down-regulation of miR23b suggests importance of TGFB1-regulated 
hosts defense mechanisms in response to Salmonella.  MicroRNA expression analysis of 
mice whole blood in response to LPS as compared to Lipoteichoic acid (LTA) of Gram-
positive bacteria revealed LPS-specific signature of microRNA expression, suggesting 
miRNAs as potential biomarkers for LPS exposure (Hsieh et al., 2012). 
Highlights of global gene expression patterns in farm animal response to 
Salmonella 
Global transcriptional analysis and bioinformatic approach identified several important 
aspects of host response to Salmonella at a systemic and pathway level.  In swine, 
transcriptional profiling of the immune-related genes in mesenteric lymph nodes revealed 
Th1-type response prevailing in pigs challenged with S. Choleraesuis and S. Typhimurium, 
with elevated levels of TNF, IFNG and IFNG-signaling responsive genes (Uthe et al., 2007; 
Wang et al., 2007). In addition, expression of genes involved in cytoskeleton function and 
rearrangement, heat shock response, chaperoning and apoptosis were also altered in swine 
response to the two Salmonella serovars (Uthe et al., 2007).  Furthermore, microarray gene 
expression analysis of swine mesenteric lymph nodes revealed NFκB-target genes as 
important players in swine response to S.Typhimurium and S. Cholearaesuis (Wang et al., 
2007; Wang et al., 2008). Transient induction of NFκB targets early (8 – 24 hr) after 
S.Typhimurium  challenge and down-regulation of several NFκB-regulated genes after 48 hrs 
p.i. implicates Salmonella-mediated strategy for evasion of host immune response and 
establishment of carrier state in swine (Wang et al., 2007).  Furthermore, genes belonging to 
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pathways such as immunity-inflammation and apoptosis were reported to be involved in 
response to Salmonella in mesenteric lymph nodes.     
 Global transcriptional profiling of whole blood of swine challenged with S. 
Typhimurium revealed several functional categories involved in persistent shedder swine 
response to Salmonella, with majority of overrepresented genes belonging to immune-
inflammatory response category (Huang et al., 2011). Among those, TLR, IFNG and NFκB-
regulated systems were major inducers of transcriptional responses seen in swine whole 
blood. In addition, cytosolic DNA sensing pathway was induced in swine whole blood 
suggesting a novel mechanism of persistent shedder swine response to Salmonella.  On the 
other hand, repression of genes involved in RNA metabolism and splicing were implicated in 
reduced shedding of Salmonella in swine (Huang et al., 2011).   
 Analysis of global gene expression patterns in calf model of S. Typhimurium 
infection reveled gene expression signature with some similarities to the response seen in 
swine.  Transcriptional profiling of bovine ileal loops and Bayesian network modeling 
identified several interrelated pathways involved in host-Salmonella interactions, including 
signaling pathways mediated by MAPK, phosphatidylinositol, mammalian target of 
rapamycin (mTOR), calcium, TLR, CCR3, Wnt (wingless-type MMTV integration site 
family genes), TGFB, and regulation of actin cytoskeleton and apoptosis (Lawhon et al., 
2011). Furthermore, the study indentified transcriptional signature of individual genes in calf 
response to S. Typhimurium, including induced expression of CXCL9, CXCL10 and 
CXCL11. Mechanistic role of IFNG was implicated in calf response to S. Typhimurium, 
supporting the importance of NK and Th1 type T cells-mediated response (Lawhon et al., 
2011).        
Microarray gene expression analysis of chicken macrophages challenged with 
Salmonella-derived endotoxin revealed pro-inflammatory signature on gene expression 
including induction of IL1B, IL6, IL8, TLR15, NFKBIA, CCL4 and indicated involvement 
of NLRC5 in macrophage response to Salmonella endotoxin (Ciraci et al., 2010).  Likewise, 
differential regulation of IL8, IL6 and iNOS in Salmonella serovar-dependent manner was 
identified in chicken macrophage-like cells (Setta et al., 2012). Furthermore, pathways such 
as TLR-mediated signaling through MyD88-dependent and TRIF-dependent pathways were 
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shown important in chicken response to S. Enteritidis (Kogut et al., 2012). Thus, Th1-type 
immunity driven by pro-inflammatory mediators, including IFNG, NFκB and TLR signaling, 
is also characteristic in chicken response to Salmonella (Chappell et al., 2009; Coble et al., 
2011). 
Identification on global gene expression signature of animal response to Salmonella 
facilitate understanding of pathways involved in host response to Salmonella as a model 
intracellular enteric pathogen, as well facilitates identification of biomarkers that can be 
utilized in disease-resistance research.   
Cellular aspects of host response to Salmonella 
Intestinal epithelium 
In response to Salmonella infection, intestinal epithelial cells produce a specific array 
of pro-inflammatory cytokines presumably through induction of TLR4, TLR5 and NOD 
signaling pathways (Wick, 2004; Wick, 2011).  Expression of TLR5 on basolateral surface of 
enterocytes enables detection of Salmonella flagellin, leading to activation of NFκB-
mediated pro-inflammatory signaling and a robust induction IL8 response (Broz et al., 2012). 
Salmonella is also known to employ mechanisms to dampen pro-inflammatory host 
responses. Interestingly,  enterocytes can transmit signals to neighboring un-infected cells, 
suggesting a mechanism to promote NFkB-mediated IL8 release that counteracts immune 
evasion effects of Salmonella (Broz et al., 2012).  
It was demonstrated that intestinal epithelial cells induce expression of an array of 
cytokines in response to Salmonella. For example, in response to S. Dublin, human colon 
epithelial cell lines as well as freshly isolated colon cells exhibited up-regulated gene 
expression and secretion of IL8, IL6, CCL2, granulocyte-macrophage colony stimulating 
factor 2 (CSF2) and tumor necrosis factor-α (TNF) (Jung et al., 1995).  In addition, other 
studies indicate that cultured human intestinal epithelial cells infected with S. Dublin can 
increase expression of CXCL1, CXCL2, CXCL3, CXCL5 and colony stimulating factor 3 
(CSF3) that possess neutrophil chemoattracting properties and CXCL9, CXCL10, CXCL11 
that attract predominantly CD4+ Th1 and memory T cells (Eckmann and Kagnoff, 2001).  
Furthermore, S. Dublin-infected intestinal cell lines induced the production of CC 
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chemokines such as macrophage and T cell-attracting CCL4 and CCL5 (RANTES) as well as 
T cell and immature dendritic cell-attracting CCL20.  Human intestinal epithelial cells also 
express anti-microbial peptides including human defensin 5 (HD-5) and cyptidin which can 
kill invading Salmonella (Broz et al., 2012).  Epithelial cells can also produce NO to kill S. 
Enteritidis in vivo (Saarinen et al., 2002).  Similar to the response of human colon epithelium 
to S. Dublin, TNF was also induced in the ileal villi of swine infected with S. Choleraesuis 
and S. Typhimurium (Trebichavsky et al. 1997).  Analysis of gene expression along porcine 
gut in response to S. Typhimurium revealed specially-dependent expression of several 
immune genes in various sections of the intestinal gut (Collado-Romero et al., 2010). General 
induction of cytokines such as IL1B, IL6, IFNG and IL12B were reported with the 
expression pattern dependent on the section of the porcine intestinal gut analyzed. Study also 
indicated induction NOD receptors in the gut, with NOD1 induced in mucosal and epithelial 
cells of jejunum and ileum and NOD2 only in jejunum. While TLR2 was induced in porcine 
ileum, general repression of TLR1, TLR3,TLR5, TLR9 and TLR10 genes was reported. In 
general, prevailing expression of pro-inflammatory cytokines was found in porcine ileum as 
compared to jejunum and colon.  However, cytokines including IL8, MIP1A and IL4, as well 
as the transcription factor NFκB, were more expressed in the jejunum than in the ileum and 
colon (Collado-Romero et al., 2010). In chickens, expression of IL8 together with CCL4, 
IL1B and K60 (CXC chemokine) was found to be up-regulated in the intestinal tissues after 
infection with S. Typhimurium (Withanage et al., 2004).   
Coordinated expression of a specific array of pro-inflammatory cytokines by intestinal 
epithelial cells facilitates regulation the next wave of innate immune responses, including 
immune cell recruitment and activation (Wick, 2004; Wick, 2011). 
 
Macrophages 
After crossing the host epithelial barrier, Salmonella is faced by host phagocytic and 
professional antigen presenting cells, such as macrophages, dendritic cells and neutrophils 
(Wick, 2011)(Wick, 2004).  Macrophages play an essential role in the host’s innate anti-
Salmonella defense and clearance of the bacteria (Janeway and Medzhitov, 2002; Wick, 
2011).  The interaction of Salmonella with macrophages is often prolonged and is 
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characterized by a complex interplay between macrophage effector mechanisms to kill the 
internalized pathogen and Salmonella defenses to resist the killing (Eckmann and Kagnoff, 
2001).  Phagocytosis of Salmonella by macrophages is stimulated by receptor-mediated 
uptake after opsonization of the bacteria with antibodies or complement.  However, 
Salmonella can also force its own internalization into macrophages by employing the SPI-1 
encoded T3SS.  In addition, Salmonella uses T3SS encoded by SPI-2 to alter both the 
maintenance and the maturation of the bacteria-containing vacuolar compartment inside 
macrophages (Linehan and Holden, 2003; Bakowski et al., 2008).  Rapid acidification of 
SCV stimulates secretion of SPI-2 effectors that antagonize the phagocyte NADPH oxidase 
dependent anti-Salmonella activity and prevents SCV fusion with late endosomal/lysosomal 
compartments.  From the host side, the macrophage antibacterial defense mechanisms are 
stimulated by TNF receptor signaling and SLC11A1 (solute carrier family 11 member 
1)(Linehan and Holden, 2003).  SLC11A1 functions as a divalent cation (Fe2+, Zn2+, Mg2+) 
efflux pump across the membrane of bacteria-containing phagosomes (Fortier et al., 
2005)(Linehan and Holden, 2003). It was shown that SLC11A1 induces expression of 
lipocalin-2 (LCN2), which exerts its antimicrobial activity by scavenging iron-loaded 
bacterial siderophores and mediating iron efflux from macrophages, resulting in a significant 
suppression of S. Typhimurium grown (Fritsche et al., 2012) . Another host factor involved 
in macrophage (as well as neutrophil) antimicrobial activities is NADPH oxidase, a 
multicomponent enzyme that produces superoxide, a precursor of toxic molecules known as 
reactive oxygen species.  Early bacterial killing by macrophages correlates with respiratory 
burst due to NADPH activity (Vazquez-Torres and Fang, 2001).  However, this phase is 
short lived and the production of reactive oxygen species declines within 6 h after challenge 
of murine peritoneal macrophages with S. Typhimurium.  Differently from mice, in swine 
production of reactive oxygen species is not involved in macrophages microbicidal effects 
(Kapetanovic et al., 2012).  Porcine macrophages, similarly to human macrophages 
abundantly express indoleamine 2,3-dioxygenase 1 (IDO1), CCL20 and STAT4 upon 
stimulation with LPS (Kapetanovic et al., 2012).   
The macrophage response to infection with S. Typhimurium involves differential 
regulation of many genes, including genes encoding pro-inflammatory, antimicrobial, 
29 
 
 
apoptosis-related and anti-inflammatory peptides (Rosenberger et al., 2000).  In particular, 
infected macrophages were shown to enhance expression of several T cell, neutrophil, 
macrophage and dendritic cell chemoattracting cytokines (CCL3, CCL4, CCL5, CCL19, 
CCL20, CXCL2, CXCL10) as well as the neutrophil and macrophage activating cytokine 
CSF2 (Rosenberger et al., 2000; Eckmann and Kagnoff, 2001; Pietilä et al., 2005).  In 
addition, research indicates the involvement of pro-inflammatory (IL1B, IL1A, IL6, IFNB, 
TNF) and IFNG-inducing (IL12, IL18) cytokines in macrophage mediated anti-Salmonella 
defense.  Cytokines secreted by macrophages, such as IL12 and IL18 influence the Th1/Th2 
polarization towards a Th1-type response, which typically develops in hosts infected with 
Salmonella (Janeway and Medzhitov, 2002; Jantsch et al., 2011).  In addition to enhanced 
expression of several cytokine genes, S. Typhimurium- infected cultured macrophages up-
regulate expression of cell surface receptors that are involved in extravasation (intercellular 
adhesion molecule 1 (ICAM1)) and T cell priming (CD40) (Rosenberger et al., 2000).  
Furthermore, up-regulation of apoptosis-associated genes (caspase-1, TNF receptor 1 
(TNFR1), TNF receptor superfamily, member 6 (FAS), pleckstrin homology-like domain, 
family A, member 1 (PHLDA1) and tumor necrosis factor superfamily, member 10 
(TNFSF10)) in infected macrophages signifies Salmonella’s ability to induce macrophage 
death (Rosenberger et al., 2000).  S. Typhimurium was shown to cause early and delayed 
macrophage death in vitro and in vivo (Hueffer and Galán, 2004; Fink and Cookson, 2007).  
The findings indicate that cell death in cultured macrophages is induced within 40 min of 
infection with S. Typhimurium, with about a third of infected macrophages dying by 2 h post 
infection (Monack et al., 2001).  In vivo, early macrophage death usually occurs during the 
intestinal phase of infection and is induced by the Salmonella SPI-1 effector SipB and 
flagella, which activates caspase-1-dependent cell death signaling resulting in cell death by 
pyroptosis (Hueffer and Galán, 2004; Fink and Cookson, 2007).  Caspase-1 activation-
induced pyroptosis results in release of pro-inflammatory IL1B and IL18 followed by 
acceleration of intestinal inflammation and enhanced infiltration of polymorphonuclear 
neutrophils and macrophages into the gastrointestinal mucosa.  It has been suggested that 
bacterial induced caspase-1-dependent phagocytic cell death may aid systematic spread of 
Salmonella through the compromised intestinal barrier and via recruited phagocytic cells 
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(Monack et al., 2001).  On the other hand release of IL1B and IL18 stimulate neighboring 
immune cells to respond and clear the pathogen (Broz et al., 2012).  In all, macrophages 
represent an essential and unique cellular component in the pathogenicity of salmonellosis 
and the host defense against Salmonella.  
  
Dendritic cells 
Salmonella can survive and replicate in the vacuolar compartments of dendritic cells 
and macrophages, however, these same cells also present Salmonella antigens to naïve T 
cells for induction of specific protective immunity and immunological memory (Sundquist et 
al., 2004).  In vitro and in vivo observations demonstrate that immature dendritic cells 
phagocytose and present Salmonella-derived antigens on both MHC class I and MHC class II 
molecules to CD8+ and CD4+ T cells, respectively.  In addition, dendritic cells possess a 
unique ability to indirectly present Salmonella antigens by acting as bystander antigen-
presenting cells, engulfing antigenic material from neighboring cells that have undergone 
Salmonella-induced apoptosis (Sundquist et al., 2004).  Dendritic cells, because of their 
ability to degrade and efficiently present Salmonella antigens to naïve T cells in peripheral 
lymphoid organs, serve as an important link between innate and adaptive immunity (Janeway 
and Medzhitov, 2002).  Internalization of Salmonella induces the maturation of dendritic 
cells into proficient antigen presenting cells, capable of efficiently priming naïve T cells 
(Lahiri et al., 2010).  In the process of maturation, dendritic cells down regulate their antigen 
capture capacity and increase expression of MHC class I and class II molecules as well as 
surface co-stimulatory (B7, CD80, CD83, CD86, and CD40), and cellular adhesion (CD209) 
molecules (Sundquist et al., 2004; Pietilä et al., 2005).  In addition, mature dendritic cells 
enhance production of cytokines and chemokines and alter chemokine responsiveness 
(Sundquist et al. 2004).  As demonstrated by infection of cultured human and mouse 
dendritic cells with S. Typhimurium, dendritic cells up-regulated the expression of monocyte, 
T helper and NK cells chemoattracting cytokines (CCL5, CCL18, CCL19, CCL20, CXCL10) 
and proinflammatory cytokines (IL1B, IL6, IL12, IL18, TNF, IFNG) (Eckmann and 
Kagnoff, 2001) (Sundquist et al., 2004; Tam et al., 2008).  It was also suggested that 
Salmonella utilize dendritic cells for systemic dissemination within the host (Lahiri et al., 
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2010).  Differently from macrophages, Salmonella does not get killed nor proliferate within 
dendritic cells.  Survival of S. Typhimurium within dendritic cells is independent of SPI-2 
T3SS, essential for Salmonella survival in macrophages, however, the role of LPS O antigen 
was shown important in maintaining bacterial burden within dendritic cells (Lahiri et al., 
2010).  Findings indicate that internalized Salmonella can also kill dendritic cells by a 
caspase-1-dependent mechanism, and the SPI-1 effector SipB secreted by T3SS is required 
for Salmonella-induced dendritic cell death (van der Velden et al., 2003; Lahiri et al., 2010). 
Similar to the caspase-1-dependent death of macrophages, activation of caspase-1 upon 
dendritic cell death results in the release of pro-inflammatory IL1B and IL18. Also, apoptotic 
material from the killed dendritic cells can be ingested by the bystander dendritic cells, 
leading to further presentation of Salmonella-encoded antigen on MHC class I and class II 
molecules (Lahiri et al., 2010). In all, dendritic cells play a unique role during host infection 
with Salmonella; on one hand, dendritic cells are essential in the generation of specific T cell 
immunity to the bacteria, and on the other hand, dendritic cells play a role in accelerating 
inflammation and may serve as a cellular component for systemic spread of Salmonella (van 
der Velden et al., 2003; Sundquist et al., 2004; Lahiri et al., 2010).  
 
Polymorphonuclear neutrophils   
Upon Salmonella infection, several inflammatory mediators are secreted by intestinal 
epithelial cells, dendritic cells and macrophages that trigger neutrophil recruitment to the site 
of inflammation (Santos and Bäumler, 2004).  Indeed, experimental models using injection 
of mice with S. Typhimurium or S. Enteritidis have shown that neutrophils are rapidly 
recruited to the site of bacterial administration (Wick, 2004; Santos and Bäumler, 2004).  In 
addition, the neutrophil population undergoes a rapid increase in the spleen, mesenteric 
lymph nodes and Peyer’s patches of mice upon oral inoculation with S. Typhimurium, and 
depletion of neutrophils exacerbate murine infection with S. Typhimurium or S. Dublin 
(Wick, 2004).  Furthermore, an increased number of blood neutrophils and an increased rate 
of Salmonella uptake by neutrophils was detected in pigs intranasally inoculated with S. 
Choleraesuis (Stabel et al., 2002).  Functional changes in porcine polymorphonuclear 
neutrophils (PMNs) infected with S. Choleraesuis or S. Typhimurium indicate the essential 
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role of PMNs in swine protection against Salmonella infection (Roof and Kramer, 1989; Coe 
and Wood, 1992; Riber and Lind, 1999; Foster et al., 2003).  As shown by a study designed 
to characterize inherited resistance of swine to S. Choleraesuis, Salmonella-resistant pigs 
demonstrated higher numbers of blood PMNs with enhanced phagocytic and bactericidal 
activity than Salmonella-susceptible pigs (van Diemen et al., 2002).  Furthermore, enhanced 
phagocytosis and cytokine (IL6, IL8 and IL18) production of heterophils (avian counterpart 
of mammalian neutrophils) was implicated in chicken resistance to S. Enteritidis (Swaggerty 
et al., 2004).  The protection provided by PMNs against invasive Salmonella is due to 
effective killing of the bacteria as well as pro-inflammatory and regulatory effects (Tam et 
al., 2008).  Studies demonstrate that, in contrast to macrophages, mice and human cultured 
neutrophils do not permit prolonged intracellular replication or survival of Salmonella 
(Santos and Bäumler, 2004). In agreement with in vitro studies, in vivo experiments 
demonstrate that neutrophils inhibit intracellular replication of S. Typhimurium in the liver 
and spleen of mice and also prevent further dissemination of the infection to other organs 
such as lung and kidney.  Bacterial killing by neutrophils is believed to be accomplished by 
oxygen-dependent and oxygen-independent destructive principles as well as formation of 
neutrophil extracellular traps (Segal, 2005; Papayannopoulos and Zychlinsky, 2009).  
Phagocyte NADPH oxidase is essential for oxygen-dependent bacterial killing by generating 
reactive oxygen species.  Furthermore, opsonization of the bacteria with complement or 
antibodies enhances neutrophil NADPH oxidase activity by 20-50 fold.  Function of NADPH 
oxidase was implicated in swine response to Salmonella as genetic variation in several 
components of NADPH were associated with Salmonella shedding in swine (Uthe et al., 
2011a; Uthe et al., 2011b).  The oxygen-independent system comprises the readily active 
serine proteinases, neutrophil elastase, cathepsin G, proteinase 3, etc.(López-Boado et al., 
2004).  Neutrophil elastase and cathepsin G can degrade flagellin from S. Typhimurium 
inside the phagocytic vacuoles as well as extracellularly, resulting in a loss of pro-
inflammatory activity for this bacterial virulence factor.  In addition to direct microbicidal 
activity, PMNs can produce an array of cytokines that exhibit pro-inflammatory effects 
(TNF, IL1B), influence T cell differentiation into Th1-effectors (IFNG, IL12) and attracts T 
lymphocytes and NK cells to the site of inflammation (CXCL10) (Segal, 2005).  
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Furthermore, neutrophils were shown to regulate dendritic cell function during inflammation 
by secreting dendritic cell-attracting chemokines (CCL3, CCL4, CCL5, CCL20) and 
stimulating dendritic cell activation, as measured by increased production of IL12 and TNF 
from dendritic cells (Bennouna et al., 2003).  Thus, during infection, neutrophils can 
orchestrate dendritic cell recruitment and activation, leading to activation of Th1-type T cells 
and immunity to intracellular bacteria.  
  
    Interferon-γ: 
Role in host immune-regulatory networks, response to endotoxin and 
Salmonella 
 
Interferon-γ (IFNγ) is a classical Th1 cytokine involved in a variety of cellular 
processes including regulation of innate and adaptive immunity against intracellular 
pathogens, tumor immune-surveillance, autoimmunity, cellular proliferation, and apoptosis 
(Schoenborn and Wilson, 2007; Hu and Ivashkiv, 2009; Kim et al., 2011). Important 
immune-stimulatory and immune-modulatory effects of IFNγ are exerted through its direct or 
indirect interaction with the wide network of immune-regulatory proteins and transcriptional 
pathways (Saha et al., 2010)(Gough et al., 2008).  
Production of IFNγ by immune cells 
In mammalian systems, the major sources of IFNγ are natural killer (NK) and natural 
killer T (NKT) cells along with CD8 and CD4 T cells (Schoenborn and Wilson, 2007; 
Boehm et al., 1997). Rapid induction and secretion of IFNγ early during infection is achieved 
by NK and NKT cells, effectors of the innate immune responses that alsoexpress IFNγ 
mRNA constitutively. Production of IFNγ over several days of infection is maintained by 
CD8 and CD4 T cells, effectors of the adaptive immune system (reviewed by (Schoenborn 
and Wilson, 2007). During activation, proliferation and differentiation, naïve CD8 and CD4 
cells are primed to effectively transcribe the IFNγ locus.  While naïve CD8 cells differentiate 
to IFNγ-producing cytotoxic cells by default, only CD4 cells of Th1 lineage can produce 
substantial amounts of IFN-γ (Schoenborn and Wilson, 2007; Collins et al., 2012).  
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Engagement of activating receptors on the surface of NK and T cells as well as co-
stimulatory effects of several cytokines can effectively activate and sustain IFN-γ production. 
An array of Th1-type cytokines including IL2, IL18, IL12, IL15, TNF and type I interferons 
such as IFNα and IFNβ that are capable of stimulating IFN-γ production by T and NK cells 
are released by activated macrophages and dendritic cells upon antigen encounter 
(Lieberman and Hunter, 2002; Hu and Ivashkiv, 2009). Signaling through type I IFNs leads 
to moderate IFNγ induction in NK and T cells due to activation of signal transducer and 
activator of transcription factors, such as STAT1, STAT2 and STAT4 (Lieberman and 
Hunter, 2002; Schoenborn and Wilson, 2007). However, enhanced and sustained IFNγ 
production by NK and T cells is achieved through synergistic action among the 
aforementioned cytokines (Schoenborn and Wilson, 2007; Boehm et al., 1997; Domeika et 
al., 2002; Pintaric et al., 2008). In support of this synergistic action, research demonstrates 
that IL12 stimulates low and unstable IFNγ release by porcine peripheral blood mononuclear 
cells (PBMCs) which can be increased by the addition of IL18, resulting in high levels of 
IFNγ production in a dose-dependent manner (Domeika et al., 2002). For IL23 and IL1B, 
only synergistic and not the individual action of IL23 and IL1B induced production of IFNγ 
in Salmonella challenged human CD55
+
 NK and NKT cells (van de Wetering et al., 2009).  
Following NK and T cell receptor ligation and cytokine co-stimulation, several 
intracellular signal transduction events and pathways become engaged, resulting in IFNγ 
production (Schoenborn and Wilson, 2007).  For example, ligation of NK cell activating 
receptors (i.e. Fcγ receptor CD16, CD94/natural killer group 2 member C, E and D) by 
ligands or antigens presented on stressed, damaged or infected cells, initiates a series of 
signaling events. Activated receptors attract adaptor molecules such as FcRγ, CD3ζ, and 
DAP12, leading to phosphorylation of immunoreceptor tyrosine-based activating motifs 
(ITAMs) and activation of protein tyrosine kinases (PTKs) of the Syk family. Further 
activation of several adaptor molecules results in engagement of major signal transduction 
cascades including mitogen-activated protein kinase (MAPK), phospholipase C-γ (PLCγ) and 
Ros/Ras pathways that lead to induction of IFNγ transcription (reviewed by (Schoenborn and 
Wilson, 2007; Boehm et al., 1997). 
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A number of transcription factors including members of the NFAT, NFκB, AP-1, 
ATF-CREB, C/EBP and Ets families are known to regulate IFNγ production in T and NK 
cells (reviewed by (Szabo et al., 2003; Schoenborn and Wilson, 2007). A deficiency or 
impaired function of NFκB and the Ets1 family of transcription factors results in deficient 
IFN-γ production, impaired T and NK cell function, and increased susceptibility to infections 
(reviewed in Schoenborn and Wilson, 2007). To sustain and facilitate its own expression, 
IFNγ employs a positive feedback loop mechanism. As shown in activated T cells, IFNγ 
receptor is attracted to the immunological synapse where IFNγ is being released, facilitating 
further induction of IFNγ secretion by this autocrine positive feedback signaling (Maldonado 
et al., 2004).  
Overview of IFNγ-mediated signal transduction 
By activating and interacting with several signal transduction pathways, IFNγ can 
affect a variety of cellular functions (Saha et al., 2010). Binding of IFNγ to its two-subunit 
receptor (IFNGR1 and IFNGR2) leads to activation of the canonical Jak-STAT signaling 
pathway. Phosphorylation of IFNγ receptor-associated Jak1 and Jak2 on tyrosine residues 
creates docking sites for STAT1 which, in an inactive state, exist in the cytoplasm (Saha et 
al., 2010; Gough et al., 2008). Phosphorylated STAT1 forms homodimers called gamma-
activated factors (GAF) that translocate to the nucleus and bind gamma-activates sequences 
(GAS) in the target gene promoters, recruiting transcriptional co-activators and inducing 
gene transcription (Hu and Ivashkiv, 2009; Saha et al., 2010). 
In addition to phosphorylated STAT1 (pSTAT1) homodimers, an entire complex 
containing IFNγ/IFNGR1/pSTAT1 can translocate to the nucleus and bind GAS elements. 
Furthermore, upon IFNγ signaling, phosphorylated Jak1 and Jak2 (pJak1 and pJak2) have 
also been found in the nucleus, suggesting the existence of an even larger, pJak1 and pJak2-
inclusive nuclear translocation complex such as IFNγ/IFNGR1/pSTAT1/pJak1/pJak2 (Noon-
Song et al., 2011). Adding to IFNγ-mediated signal transduction complexity, several other 
pathways were shown to cooperate or act in parallel to regulate IFNγ effects (Gough et al., 
2008).  
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Activated IFNγR on the cell membrane can form higher order receptor complexes 
through interaction with receptors for type I interferon and epidermal growth factor (EGFR). 
Interaction of these receptors engages several kinases in IFNγ-mediated signal transduction, 
including Src, phosphatidylinsositol-3-kinase (PI3K), c-Cbl and MyD88, resulting in 
activation of specific gene transcription through such pathways as mitogen activated protein 
kinase (MAPK), serine-threonine protein kinase encoded by the AKT1 gene, 
calcium/calmodulin-dependent protein kinase II gamma (CaMKII), and IkBkinase (IKK, or 
inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta) (Gough et al., 
2008). For example, engagement of PI3K and protein kinase C (PKCθ, PKCδ) pathways, 
primarily reported in macrophages, leads to MAPK-mediated phosphorylation of STAT1 and 
results in enhanced expression of chemotaxis and inflammation-associated genes, including 
CXCL10, TNF and NOS2 (Deb et al., 2003; Saha et al., 2010; Valledor et al., 2008).  
Cellular mechanisms have evolved to control IFNγ production and regulate the scope 
of IFNγ-signaling to prevent cells from the damaging effects of immune overstimulation. 
During IFNγ signaling, levels of phosphorylated STAT1 peak at 15-30 min followed by a 
rapid decrease after 1-2 hrs, regardless of continued IFNγ presence (Kim and Maniatis, 1996; 
Saha et al., 2010). Thus, inactivation of STAT1 is a cellular mechanism to regulate IFNγ 
signaling. It was suggested that STAT1 activity can be controlled by dephosphorylation 
inside the nucleus by protein tyrosine phosphatase (PTP), resulting in export of STAT1 from 
the nucleus (McBride et al., 2000; Haspel et al., 1996). Also, after signal transduction, 
phosphorylated STAT1 can be degraded in the cytosol by the ubiquitin-proteasome pathway 
(Kim and Maniatis, 1996; Liu et al., 2002).  
One of most studied IFNγ signal inactivation mechanisms is the induction of 
suppressor of cytokine signaling (SOCS) genes, SOCS1 and SOCS3, which represents a 
negative feedback loop of IFNγ-mediated signal transduction (Hu et al., 2008). As a result of 
IFNγ signaling, phosphorylated STAT1 also binds to the promoters of SOCS-encoding 
genes, activating their transcription (Tamiya et al., 2011). Thus, the IFNγ signaling pathway 
activates expression of its own suppressor, SOCS.  In the cytosol SOCS molecules then 
associate with Jak1 and Jak2, disrupting their kinase activity and inhibiting IFNγ-mediated 
signal transduction.  The Src homology 2 (SH2) domain-determined SOCS protein binding to 
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signaling molecules, for example activated cytokine receptors, can target them to the 
ubiquitin-proteasome complex, further disrupting IFNγ signaling (Tamiya et al., 2011; 
reviewed by Schroder et al., 2004).  
Another method of tapering IFNγ signaling is through cellular processing of IFNγ and 
its receptor complex (IFNγ:IFNGR). Following receptor binding and initiation of signal 
transduction, IFNγ:IFNGR complex is internalized and processed by endosomal pathway 
leading to disassociation of the complex and, in many cell types, degradation of the ligand 
followed by either recycling or degradation of IFNGR (Schroder et al., 2004). Yet another 
mechanism for inhibiting IFNγ signaling involves dephosphorylation of IFNGR and 
Jak1/Jak2 by protein tyrosine phosphatases (PTPs) SHP1 and SHP2 (reviewed by (Schroder 
et al., 2004). 
Functional analysis of IFNγ-regulated genes is a topic of active research leading to a 
better understanding of cellular functions that are influenced by IFNγ (Saha et al., 2010). 
Based on the mode of their induction, IFNγ-regulated genes fall into primary and secondary 
response categories. The primary response category contains genes that are induced early in 
IFNγ signaling by GAF binding directly to GAS-containing promoters in target genes. Such 
early response genes include interferon regulatory factor 1 (IRF1), chemokine (C-X-C motif) 
ligand 10 (CXCL10), CXCL9, and others. Binding of IRF1 to interferon stimulated response 
elements (ISRE) in promoters of target genes induces expression of secondary response 
genes, for example transporter 1and 2 (TAP1 and TAP2), caspase 1 and 4 (CASP1 and 
CASP4), proteasome subunit β type 9 (PSMB9) and others (Saha et al., 2010). Thus, either 
directly or indirectly, IFNγ is able to mediate expression of a large number of genes involved 
in several transcriptional networks (Lacaze et al., 2009). For example, microarray analysis of 
murine bone-marrow derived macrophages demonstrates that siRNA silencing of murine 
Ifnb1 and transcription factors such as Irf3, Irf5, Stat1, Stat3, NFκb, and subsequent 
treatment with IFNγ affected expression of over 600 genes. The affected genes clustered into 
transcriptional networks such as genes directly induced or repressed by IFNγ signaling, Ifnb-
induced genes as well as genes involved in cell cycle regulation and NFκB signaling (Lacaze 
et al., 2009). The transcriptional signature of IFNγ investigated by another study using mouse 
bone marrow derived macrophages indicated differential expression of about 368 IFNγ-
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signaling-related genes belonging to various pathways including immune defense, 
macrophage-mediated immunity and apoptosis (Zhang et al., 2010). It is also evident that 
expression of IFNγ-regulated genes and thus cellular responses to IFNγ is mediated by 
cellular environment and different antigenic stimuli (reviewed by (Saha et al., 2010).  
Cellular effects of IFNγ 
Regulating several key transcriptional networks, IFNγ is essential in major cellular 
processes, immune-inflammatory responses, and immune-cell function. One way IFNγ 
enhances immune cell function is through induced expression of MHC class I and class II 
molecules on the cell surface (Schroder et al., 2004; Zhou, 2009). In response to IFNγ, 
expression of MHC class II molecules is induced not only on professional antigen presenting 
cells such as macrophages, dendritic cells and B cells but also on cells that usually do not 
express MHC class II, contributing to enhanced immune recognition of peptide antigens by 
CD4 T cells (reviewed by Schroder et al., 2004). Furthermore, IFNγ plays a significant role 
in increasing antigen presentation on MHC class I molecules by stimulating proteosome 
conversion to immunoproteosome and thus increasing the number and diversity of peptides 
loaded on MHC class I molecules (Zhou, 2009). Enhancing immune recognition is one 
aspect of IFNγ function as an antiviral and antibacterial agent. In addition, IFNγ can 
stimulate microbial destruction by inducing complement-dependent phagocytosis and 
antibody-dependent cytotoxicity.  
Additionally, as an important player in antiviral responses, IFNγ induces the 
expression of key antiviral proteins that function by inhibiting viral and cellular protein 
synthesis and inducing pro-apoptotic effects. IFNγ is also notable for causing cell growth 
inhibition and cell cycle arrest, protecting cells against pathogen-induced apoptosis. It is 
interesting to note that IFNγ can exert both pro-apoptotic and anti-apoptotic effects in an 
IRF1-dependent manner, a function important in cellular protection during many viral and 
intracellular bacterial infections. In cells abundantly expressing active IFNGR, signaling 
through the Jak-STAT pathway rapidly induces elevated expression of IRF1 that in turn 
activates transcription of CASP1that stimulates apoptosis. On the other hand, slow activation 
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of STAT1 due to low levels of functional IFNGR results in reduced levels of IRF1 not 
sufficient to induce apoptosis (reviewed in Schroder et al., 2004).  
Historically called macrophage-activating factor, IFNγ plays an essential role in 
antiviral and antimicrobial effects of macrophages. Macrophage killing mechanisms involves 
generation of reactive oxygen species (ROS) and reactive oxygen intermediates (ROI), 
products of enzyme NADPH oxidase and inducible nitric oxide synthase (iNOS). Mice 
deficient in both NADPH and iNOS exhibit a highly pathogen-susceptible phenotype, 
indicating the importance of these enzymes in host defense (Shiloh et al., 1999). An essential 
role of IFNγ in this immune defense mechanism is highlighted by the ability of IFNγ to 
induce the expression of substrate, cofactor, and catalyst molecules required for reactive 
oxygen generation in macrophages. To stimulate production of ROS, IFNγ can induce 
transcription of p47
phox
 and p67
phox
, subunits of the NAPDH oxidase complex. Furthermore, 
IFNγ directly and indirectly orchestrates immune cell trafficking during inflammation. IFNγ 
and ROS produced at the site of inflammation causes dilation of local blood vessels, slowing 
down lymphocyte flow, while synergistic induction of chemokines and cytokines (for 
example CXCL10, MCP1, MIG, ICAM1 VCAM1) by IFNγ, IL1 and TNF facilitates 
extravasation (Saha et al., 2010). 
Role of IFNγ in host response to endotoxin and Salmonella 
Endotoxin, the cell wall constituent of gram-negative bacterial pathogens, generally 
elicits a dynamic IFNγ-mediated cellular response (Rossol et al., 2011; Shimada et al., 2012; 
Finney et al., 2012; Schroder et al., 2004; Hawiger, 2001). IFNγ enhances the transcriptional 
response of many genes, such that in the presence of IFNγ, low doses of endotoxin are 
sufficient to elicit an effective immune response (Freudenberg et al., 2008). Also, IFNγ is 
necessary for induction of iNOS in macrophages responding to LPS. IFNγ and endotoxin 
signaling pathways overlap at many levels, thus allowing for cross-regulation of many 
signaling molecules (Hu et al., 2007; Peri et al., 2010).  For example, recognition of 
endotoxin triggers the TLR4 signaling pathway, and IFNγ is known to induce surface 
expression of TLR4 while inhibiting endotoxin-driven down-regulation of TLR4, thus 
enhancing the capacity of macrophages to recognize and respond to endotoxin (Yamada et 
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al., 2005). Expression of MyD88, an adaptor molecule in the TLR4 signaling pathway, is 
also known to be induced by IFNγ (O’Neill et al., 2003; Akira et al., 2000). TLR4 signaling 
in response to endotoxin culminates in activation of NFκB which translocates to the nucleus 
and induces expression of many immune-inflammatory genes including IFNG (Pålsson-
McDermott and O’Neill, 2004). IFNγ promotes NFκB activation upon LPS exposure and 
enhances DNA binding kinetics. In the mouse macrophage-like RAW264.7 cell line, IFNγ 
facilitated super-induction of NFκB protein activity by increasing mRNA stability of its 
subunit p65 and promoting more rapid degradation of IκB, the inhibitor of NFκB (Held et al., 
1999; de Wit et al., 1996; Kawai et al., 2001). Endotoxin and IFNγ signaling also overlap at 
the STAT1 level, with endotoxin inducing STAT1 phosphorylation and thus promoting IFNγ 
signaling.  
Interestingly, promoters of a number of immune inflammatory genes (i.e. IRF1, 
CXCL10, ICAM1, iNOS) contain both NFκB and STAT1 binding sites, providing evidence 
for cross-regulation of endotoxin and IFNγ-signaling pathways and pointing to the 
mechanism of IFNγ-dependent super-induction of certain genes in response to endotoxin 
(reviewed in Schroder et al., 2004). In fact, recent research shows that several genes (i.e. 
IRF1, PSMB9, CASP4, CXCL10) are super-induced in whole blood by Salmonella 
Typhimurium endotoxin in an IFNγ-dose-dependent manner in swine (Uthe et al, 
unpublished manuscript).  
Along with an essential role of IFNγ in general endotoxin-mediated response, recent 
evidence indicates a key role of IFNγ in the host response to Salmonella (Dougan et al., 
2011; Schroder et al., 2004; Godinez et al., 2008). Activation of phagocytic cells to destroy 
engulfed pathogens by stimulating phagosome-lysosome fusion is one of several ways IFNγ 
enhances the host immune-response to Salmonella. In fact, enhanced function of phagocytic 
cells had been implicated in host resistance to Salmonella Choleraesuis (van Diemen et al., 
2002). The host’s ability to respond to Salmonella and Salmonella-derived endotoxin is 
dependent on IFNγ-mediated regulation of immune-inflammatory networks in several animal 
species including mice, chicken, calves and pigs ( Wigley et al., 2006; Uthe et al., 2009; 
Ciraci et al., 2010; Lawhon et al., 2011; Huang et al., 2011). For example, the lack or 
inactivation of IFNGR in mice results in the inability of the animals to clear sub-lethal doses 
41 
 
 
of virulent S. Typhimurium (Muotiala and Mäkelä, 1990; Muotiala and Mäkelä, 1993). 
Research also indicates that low levels of IFNγ expression in mice is associated with 
increased susceptibility to S. Typhimurium and  S. Typhi, resulting in enhanced systemic 
dissemination of the pathogens (Rhee et al., 2005; Richer et al., 2010; Richer et al., 2011). In 
the calf ligated ileal loop model, transcriptional analysis of gene expression identified IFNγ 
as one of the key mechanistic genes in immune response to wild type and mutant S. 
Typhimurium (Lawhon et al., 2011). Likewise, in whole blood of swine persistently shedding 
S. Typhimurium, IFNγ-regulated genes and pathways were significantly overrepresented, 
indicating an important role for IFNγ-regulated networks in immune capacity of swine to 
respond to and clear the bacteria (Huang et al., 2011).  
Due to the vast importance of IFNγ and IFNγ-regulated genes in host immunity, 
IFNγ-regulated pathways and genes have been evaluated as potential biomarkers in several 
clinical studies (Alsleben et al., 2012)(Neujahr et al., 2012b)(Berry et al., 2010). In this 
dissertation, Chapter 4 describes a study aiming to discover biomarkers that could facilitate 
prediction of Salmonella shedding potential and disease resistance in swine using in vitro 
assays of swine whole blood and qPCR. The study showed that the response pattern of 
several IFNγ-regulated genes was dependent on the specific level of IFNγ used. Furthermore, 
it was demonstrated that high doses of IFNγ, but not a lower dose, in-vitro can mimic the 
patterns of gene expression observed specifically in the persistently shedding class of pig. 
Several gene clusters were suggested as potential candidates for development of predictive 
assays for immune response and/or shedding phenotype of swine.    
 
Genetic variation in host immunity and response to Salmonella 
 Onset, progression and outcome of infectious and non-infectious diseases is a result of 
an intricate interaction between causative agent or pathogen and host (Tuite and Gros, 2006).  
Host defense mechanisms and a pathogen’s ability to evade or modify such host defenses has 
developed as a result of co-evolution (Cohn, 2002; Cerf-Bensussan and Eberl, 2012). Thus, 
many genetic factors have been shaping host ability to respond and eliminate the pathogen 
and pathogen’s ability to colonize and survive within the host system (Langman and Cohn, 
2002; Dozmorov and Dresser, 2010).  Analysis of pathogen systems has proven highly 
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informative in discovering and understanding genetic virulence determinants underlying 
continually evolving pathogens’ ability adapt to the environment and the host systems and to 
evade immune defenses (Fortier et al., 2005; Bearson and Bearson, 2011; Sang et al., 2011). 
Genetic approaches to dissect critical host defense mechanisms involved in disease resistance 
have been more challenging, due to the complexity and multitude of eukaryotic physiological 
systems, indicating a need to take a systems approach in understanding host resistance to 
diseases (Fortier et al., 2005; Dozmorov and Dresser, 2010; Smits and Schokker 2011).  
Nevertheless, multitude of published research indicate that in humans and animals disease 
resistance is under significant genetic control (Fortier et al., 2005;  Tuite and Gros, 2006; 
Orlova et al., 2011; Clapperton et al., 2009; de Bakker and Telenti, 2010).  A number of 
approaches have been utilized by the researchers to analyze and better understand factors 
underlying the disease resistance in animals.  Historically, animal disease resistance has been 
assessed by observing animal survival rates, quantitatively measuring presence/absence of 
the pathogens in different organs and/or measuring adaptive immunity-related traits (Calenge 
et al., 2010).  As well, a number of naturally occurring mutations controlling 
resistance/susceptibility have been positionally cloned (Vidal et al., 2008; Gruenheid and 
Gros, 2010).  More recently, studies have undertaken candidate gene approach, focusing on 
sequence and expression analysis of genes with usually known or predicted function in host 
immunity.  Completion of whole genome sequencing for many domestic animals advanced a 
variety of genomic analysis methods, including microarray and next generation sequencing, 
enabling systems biology approach to understanding disease resistance in animals (Tuite and 
Gros, 2006; Calenge et al., 2010; Tuggle et al., 2010; Tuggle et al, 2011).  
Immune response in farm animals is under genetic control   
Breeding of farm animals with increased disease resistance is of economic 
importance (Wigley et al., 2006; Mellencamp et al., 2008; Ibeagha-Awemu et al., 2008; 
Margawati, 2012; Merks et al., 2012). Thus, many research studies have been conducted to 
investigate genetic factors involved in increased immune responses and disease resistance in 
animals, as discussed below.   
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For instance, porcine lines demonstrating variation in immune response were created 
based on differenced in antibody and cellular assays (Wilkie and Mallard, 1999).  Swine 
from high immune response line (HIR) showed overall improved immune functions as 
compared to low immune response line (LIR); however, HIR pigs also developed 
autoimmune issues (Wilkie and Mallard, 1999; Crawley et al., 2005).  Other research 
indicates that several immune traits including levels of acute phase protein alpha-1, acid 
glycoprotein and the CD11R1+ subset of peripheral blood mononuclear leucocytes can 
predict health status of swine (Clapperton et al. 2009).  In addition, several immune 
response-related quantitative trait loci (QTL) have been described in swine proving valuable 
gene and trait information for breeding for increased disease resistance (Rothschild et al., 
2007).  Identified swine QTLs controlling immune responses include QTL for total white 
blood cell and leucocyte numbers, T lymphocyte subpopulations, humoral innate immune 
response and cytokine concentration, stress-induced immune response, mitogen-induced 
proliferation and levels of pre-vaccination antibodies to Escherichia coli (Edfors-Lilja et al., 
1998; Edfors-Lilja et al., 2000; Reiner et al., 2008; Wimmers et al., 2009; Uddin et al., 2010; 
Lu et al., 2011a; Lu et al., 2011b).  Also, QTLs for major Th1 and Th2-type cytokine levels, 
such as such IFN-γ and IL-10 have been identified in swine (Lu et al., 2011a). Within QTL 
for IFN-γ levels, several genes including NFKBIA (nuclear factor kappa light polypeptide 
gene enhancer in B-cells inhibitor, alpha), BCL2A1 (BCL2-related protein A1) and LAG3 
(lymphocyte-activation gene 3) have been suggested to affect variation in serum levels of 
IFN-γ and thus variation in overall immune response in pigs (Lu et al., 2011a).  
Similarly, in chickens many QTLs for disease or immunity related traits have been 
described (Abasht et al., 2006). For instance, 21 QTL regions have been identified in 
chickens affecting survival rates after challenge with Marek’s disease virus (Heifetz et al., 
2009). A number of QTLs involved in chicken resistance to S. Enteritidis and 
S.Typhimurium, have also been described and will be discussed in a section below (Kaiser et 
al., 2009; Calenge et al., 2011; Thanh-Son et al., 2012).  
In cattle, studies have located QTLs and several immune genes associated with 
bovine resistance to mastitis, trypanosomosis, as well as humoral and cell-mediated 
responses to foot-and-mouth disease (Schwerin et al., 2003; Nilsen et al., 2009; Nganga et 
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al., 2010; Leach et al., 2010).  Furthermore, whole genome scans identified 27 QTLs on 13 
autosomes as well as several candidate genes associated with immune response to bovine 
respiratory syncytial virus vaccine (Leach et al., 2012; Glass et al., 2012).   
Increasing data from QTL, single nucleotide polymorphisms (SNPs) and gene 
expression analysis in multiple species enables systems genetic approach to identify common 
genes and pathways involved in disease resistance.  For example, comparison of genes and 
pathways using data from published QTL regions in sheep, cattle, rats, humans and 
microarray gene expression data from sheep identified 87 pathways involved in resistance to 
parasites (Sayre and Harris, 2012). Interestingly, over-represented pathways were found to be 
involved in disease, cellular response to signals and immune function, including pathways 
associated with IFNγ or MHC class II signaling.  Other comparative genomic analysis 
identified potential causative genes for such health related traits as mastitis in dairy cattle, 
general disease resistance in sheep, cattle, humans and mice as well as tolerance to protozoan 
infections in cattle and mice (Jann et al., 2009). The study found that TLR signaling-related 
genes, such as TLR1, MyD88 and IRF3 were most likely candidates for genes underlying 
QTL regions for control of disease resistance across species.  An integrated 
immunogenomics approach in chicken using a combination of expression QTLs (eQTLs), 
whole genome SNP arrays, and homology analysis of human and chicken immunity-related 
genes identified over 900 informative SNPs for mapping of disease resistance genes (Kaiser 
et al., 2008). Thus, the comparative systems genetic approach can contribute to identifying 
new candidate genes and pathways for disease resistance across species.   
Genetic variation in host response and resistance to Salmonella  
Discovery of specific genetic determinants in animal resistance to Salmonella can 
advance animal breeding towards increased immune responses, resistance to the pathogen 
carrier state and improved food safety.  To assess genetic determinants involved in swine 
resistance to Salmonella, a breeding strategy was employed creating a test population of 
Salmonella susceptible and resistant progeny (van Diemen et al., 2002).  Analysis showed 
that higher number and better function of polymorphonuclear leucocytes (PMNs) contributed 
to increased resistance of piglets to S.Choleraesuis.  Also, lower mitogen-induced 
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lymphocyte proliferation as well as lower antibody response were characteristics of more 
resistant piglets (van Diemen et al., 2002).  Similarly, differences between chicken lines in 
number of CD4
+
 lymphocytes, phagocyte activity and gene expression levels were suggested 
to affect the extent of tissue colonization by S. Enteridis (van Hemert et al., 2007).  Analysis 
of immune response to S. Enteritidis in several chicken lines, differing in immune response 
capacity, showed that increased humoral immunity estimated by levels of IgM and IgG 
antibodies and lower phagocyte activity prevented colonization of chicken spleen by S. 
Enteritidis (Kramer et al., 2001).  Other study found that greater antibody response of broiler 
chickens to S. Enteritidis vaccine was shown to be genetically determined and associated 
with reduced cecal S. Enteritidis burden (Kaiser et al., 2002). 
A breeding strategy followed by molecular and quantitative genetics analysis has 
facilitated discovery of several loci bearing Salmonella resistance genes. Historically, 
classical Salmonella-resistance loci has been identified in mice on chromosome 11, named 
Ity2, coding for the natural resistance-associated macrophage protein 1 (Nramp1or Slc11a1), 
a metal transporter active at the phagosomal membrane of the macrophages (Vidal et al., 
1993; Sebastiani et al., 1998; Fortier et al., 2005; Khan et al., 2012). Discovery of 
Salmonella-resistance locus in mice lead to research that showed the importance of 
SLC11A1 gene in chicken resistance to S. Gallinarum and S. Enteritidis (Beaumont et al., 
2003; Liu et al., 2003;  Calenge et al., 2010; Redmond et al., 2011), and suggested a role for 
SLC11A1 in the porcine response to LPS (Zhang et al., 2000).   
In mice, three other loci on chromosomes 1 (Ity) and 13 (Ity3and Ity13) were reported 
to confer susceptibility to salmonellosis (Sancho-Shimizu et al., 2007; Khan et al., 2012). 
Gene expression analysis comparing Salmonella susceptible and resistant mice identified 
several Salmonella susceptibility-related functional gene clusters including erythropoiesis, 
iron metabolism, type 1 interferon-inducible genes and genes involved in regulation of 
TRP53 (transformation related protein 53) (Khan et al., 2012).  Regulation of TRP53 
expression represents an interesting aspect of disease resistance. Located in the Ity2 locus 
region B, TRP53 is regulated by specific genes in the Ity2 region A, coding for suppressors 
of TRP53.  In susceptible mice TRP53 over-expression was shown to favor cell-cycle arrest 
allowing proliferation of Salmonella; while in the resistant mice Ity2A function is likely to 
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maintain TRP53 expression within the level that controls the bacterial growth (Khan et al., 
2012).  Adding to the complexity of the murine response to S. Typhimurium, several other 
loci have been shown to modulate mice susceptibility, including Ity4, Ity5, Ity6, Ity7 and Ity8, 
mapping to chromosomes 3, 2, 14, 7 and 15 respectively (Roy et al., 2006). Furthermore, 
several loci located on chromosomes 1 (Ses1, and Ses1.1), 7 (Ses2) and 15 (Ses3) have been 
linked to persistence of S. Enteritidis in mice; while loci on chromosomes 3, 8, 9 were shown 
to influence the variation in antibody levels in mice responding to Salmonella flagellar 
antigen (de Souza et al., 2004; Caron et al., 2005).    
In swine, QTL analysis has identified a number of specific regions on chromosomes 
1, 7, 13, 14 and 18 associated with S. Choleraesuis burden in spleen and liver at 7 days post 
challenge in F2 offspring of a boar thought to be heterozygous for genes involved in 
Salmonella susceptibility (Galina-Pantoja et al., 2009).  In chickens, genetic mapping using 
expression QTLs (eQTLs), whole genome arrays and candidate gene analysis identified a 
Salmonella-resistance locus called SAL1(Fife et al., 2009; Kaiser et al., 2009).  High density 
SNP panels and advanced back-cross of resistant and susceptible chicken lines refined 
location of SAL1 to chromosome 5, a locus spanning 14 genes, including several functional 
candidates for Salmonella resistance, such as apoptosis inducing factor (SIVA1) and AKT1 
(RAC-alpha serine/threonine protein kinase homologue) (Kaiser et al., 2009; Redmond et al., 
2011).  Furthermore, comprehensive marker SNP genotyping analysis revealed 18 QTLs, two 
of them on chicken microchromosomes, associated with resistance to S. Enteritidis carrier 
state (Calenge et al., 2011).  Moreover, QTL regions on chromosomes 2, 3, 12, 16 and 25 
were implicated in colonization and carrier state of chickens by S. Typhimurium and S. 
Enteritidis (Calenge et al., 2009; Fife et al., 2010; Thanh-Son et al., 2012).   
Single nucleotide polymorphisms (SNPs) have been described in many candidate 
genes and were associated with Salmonella-related phenotypes in several host species.  For 
example, studies in mice indicate that SNP in candidate gene Ncf2, a part of NADPH oxidase 
complex, plays a role in Ity3 locus-mediated Salmonella susceptibility.  Mutation in 
functionally conserved Ncf2 domain resulted in a decrease of superoxide production by 
murine peritoneal macrophages in response to S. Typhimurium.  Aberrant Ncf2 function not 
only resulted in decreased bactericidal function of macrophages but also in diminished NF-
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κB signaling and thus deficient immune responses (Sancho-Shimizu and Malo, 2006).  
Interestingly, in swine a SNP in NCF2 gene was associated with fecal Salmonella shedding, 
implicating a possible role of NCF2 in Salmonella resistance in multiple animal species 
(Uthe et al., 2011a; Uthe et al., 2011b).  Additional studies in swine integrating microarray 
gene expression and analysis of genetic polymorphisms identified sixteen SNPs in twelve 
functional candidate genes associated with S. Typhimurium shedding and/or colonization.  
Novel SNPs associated with S. Typhimurium-related phenotypes were in genes with known 
function in host immunity (i.e. TAP1, GNG3, CCR1, CD163) as well as genes involved in 
other cellular processes including metabolism, cytoskeleton function, protein folding and iron 
exchange (VCL, AMT, CCT7, EMP1, ACP2, HP, PGD and CCT7) (Uthe et al., 2009; Uthe 
et al., 2011a; Uthe et al., 2011b).  Moreover, a study by others has described SNPs in swine 
TLR genes and demonstrated an essential role of TLR5 and the TLR2-1 heterodimer in 
recognition of S.Choleraesuis (Shinkai et al., 2011).  It was shown that non-synonymous 
breed-restricted SNPs identified in TLR5 and TLR2 genes resulted in attenuated recognition 
of Salmonella in an in-vitro cell culture model, pointing to important differences in resistance 
to Salmonella among swine breeds (Shinkai et al., 2006; Shinkai et al., 2011).   
On the other hand, in chickens S. Enteritidis burden was not correlated with TLR2, 
TLR4 and TLR5 expression, however differential expression and coordinate regulation of 
TLR2 and TLR4 during S. Enteritidis infection suggests an important role of TLRs in the 
chicken’s response to Salmonella (Abasht et al., 2008).  Further,  expression analysis of 
TLR2, TLR4 and TLR5 in three distinct chicken genetic lines indicated significant genetic 
line effect on expression of TLR genes, suggesting that such differences can contribute to the 
genetic variability seen in immune response of chickens to Salmonella (Beaumont et al., 
2003; Chiang et al., 2008; Abasht et al., 2009).   
Moreover, a candidate gene approach in chicken using three highly inbred dam lines 
indicated association of SNPs in genes coding for CD28 antigen, lymphocyte antigen 96 
(LY96 or MD2), Caspase-1, inhibitor of apoptosis protein-1 (IAP1), posaposin (PSAP), 
inducible nitric oxide synthase (INOS), tumor necrosis factor related apoptosis inducing 
ligand (TRAIL), transforming growth factor beta2 and beta 3(TGF-beta2 and TGF-beta3), 
and immunoglobulin G light chain (IgL) with response to S. Enteritidis vaccine and the 
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internal bacterial load in chickens (Liu and Lamont, 2003; Malek and Lamont, 2003; Lamont 
et al., 2002; Malek et al., 2004).  Similar results were obtained in research using five 
different genetic groups of meat-type chickens that identified association of SNPs in the 
above mentioned as well as new genes with S. Enteritidis caecum content (SLC11A1, IAP1, 
PSAP, CASP1, INOS, IL2, IGL, TGFB2, TGFB4); liver burden (SLC11A1, CASP1, IL2, 
IGL, TGFB4) and spleen burden (TGFB3) (Kramer et al., 2003). Furthermore, the significant 
role of MHC class I in response to S. Enteritidis was demonstrated by association of specific 
MHC class I haplotypes with the bacterial burden in spleen (Liu et al., 2002b).  Additionally, 
SNPs in several chicken galinacin (GAL) genes were associated with S. Enteritidis in cecal 
content (GAL11, GAL12 and GAL13) and antibody production following S. Enteritidis 
vaccination (GAL3 and GAL7) (Hasenstein et al., 2006; Hasenstein and Lamont, 2007). The 
study demonstrated that gallinacins, which are equivalents of mammalian beta-defensins, 
play an important role in poultry immune response to Salmonella.   
Another study using global gene expression profiling of two F(8) generation related 
advanced intercross lines suggests that chicken genetics, time post-inoculation, and 
interaction between genetics and time play an important role in regulation of S. Enteritidis 
colonization, suggesting candidate genes for further genetic analysis (Zhou and Lamont, 
2007).  Investigation of such candidate genes indicated association of SNPs in chicken 
Interleukin 10 (IL10) and Map kinase-Activated Protein Kinase 2 (MAPK2) genes with 
burden of S. Enteritidis (Ghebremicael et al., 2008).  Furthermore, an integrated analysis of 
whole genome QTL and dense SNP maps, identified 21 SNPs in 19 genes associated with S. 
Enteritidis colonization (Hasenstein et al., 2008).  Interestingly, ten of the genes belonged to 
pathways with known function in response to Salmonella, for example apoptosis, TLR- and 
MAPK-signaling.  Recent development of a chicken 60k SNP array will further advance 
analysis of SNPs associated with disease resistance in chickens (Groenen et al., 2011).  
Likewise, development of a porcine whole genome SNP array will greatly advance the 
discovery of swine SNPs associated with disease-related phenotypes (Amaral et al., 2009; 
Ramos et al., 2009).  
In summary, approaches used to unravel the genetic variation of disease resistance in 
mice and domestic animals confirms a complex regulation of host immune responses and 
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indicates that resistance to infectious disease is a multi-genic trait. Research to date has 
suggested several potential candidate genes for marker assisted-selection towards animals 
with improved immune function. Further, research utilizing whole genome analysis and 
systems biology approaches can potentially refine the markers for animal breeding and 
together with other disease control methods can reduce the incidence of infection and 
persistent carrier state in farm animals resulting in improved food safety.   
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Abstract 
 
Salmonella in swine is a major food safety problem, as a majority of US swine herds 
are Salmonella-positive.  Salmonella can be shed from colonized swine and contaminate a) 
neighboring pigs; b) slaughter plants and pork products; c) edible crops when swine manure 
is used as a fertilizer; and d) water supplies if manure used as crop fertilizer runs off into 
streams and waterways.  A potentially powerful method of addressing pre-harvest food safety 
at the farm level is through genetic improvement of disease resistance in animals.  In this 
research, we describe a successful strategy for discovering genetic variation at candidate 
genes associated with disease resistance in pigs: integrating our recent global gene expression 
analysis of the porcine response to Salmonella with literature information on important 
candidate genes. We identified single nucleotide polymorphism (SNPs) in these functional 
candidate genes, and genotyped three independent pig populations with data on Salmonella 
fecal shedding or internal burden (total n=377) at these loci.  Out of 31 SNPs genotyped, 21 
SNPs segregated in at least two populations with a minor allele frequency of 15 % or greater.  
Statistical analysis revealed thirteen SNPs associated with Salmonella fecal shedding or 
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tissue colonization with an estimated proportion of false positives (PFP) ≤ 0.2.  The genes 
with associated SNPs included GNG3, NCF2, TAP1, VCL, AMT, CCR1, CD163, CCT7, 
EMP1, and ACP2.  These associations provide new information on the mechanisms of 
porcine host response to Salmonella and may be useful in improving genetic resistance to this 
bacterium.  
 
Keywords: Salmonella, SNP, shedding, disease resistance 
 
Introduction 
 Swine that shed pathogenic bacteria such as Salmonella enterica on the farm or at the 
slaughter plant can negatively affect pre-harvest food safety (Ebner & Mathew 2000; Hurd et 
al. 2001).  Human health costs attributed to food-born Salmonella are estimated at $ 2.9 
billion annually (Miller et al. 2005).  The proportion of human salmonellosis cases that is 
attributed to pork was estimated at 15 % in The Netherlands and 9 % in Denmark (see 
references in Miller et al. 2005).  While the proportion of the pork-related salmonellosis 
cases in the US has not been estimated, about 7 % of US market hog carcasses sampled 
between 1998 and 2000 were contaminated with Salmonella (Rigney et al. 2004).  Further, a 
survey performed by the USDA National Animal Health Monitoring System (NAHMS) 
indicated in 2006 that about 53 % of pig farm sites sampled in 17 states of the U.S. were 
positive for Salmonella (APHIS. 2009).  A challenge in controlling Salmonella 
contamination on the farm and in the food chain is identifying asymptomatic Salmonella 
carrier animals that shed bacteria in their feces, contaminating their environment and non-
infected pigs (Hurd et al. 2001; Perron et al. 2008; Boyen et al. 2008).  High levels of 
Salmonella detected in carcasses have been positively correlated with both Salmonella 
shedding by carrier swine and Salmonella prevalence on a farm (Nollet et al. 2005).  Control 
of food-borne Salmonella within the farm-retail continuum is a complex issue. In addition to 
meat contamination, when manure from farms with Salmonella carrier animals is used as 
fertilizer, it can contaminate edible crops and/or run into human water sources posing 
additional food safety issues (Guan & Holley 2003).  Thus, reduction of the risk of food-
borne disease on the farm level is an essential step in providing pathogen-free products to 
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consumers, including both meat and non-meat products such as fruits and vegetables.  A 
variety of methods to reduce on-farm Salmonella prevalence have been employed, including 
feed management practices, vaccination and the use of antibiotics; however, many such 
methods have economic or public health issues (Denagamage et al. 2007; O'Connor et al. 
2008; Perron et al. 2008).  A potentially effective method of addressing Salmonella control 
and pre-harvest food safety issues is through genetic improvement of disease resistance in 
animals, to decrease the incidence of Salmonella at the beginning of the food chain.   
 Genetic variation in the porcine immune response has been reported in several 
studies, and it has been shown that porcine immunity and/or disease resistance is under 
significant genetic control (Sellwood 1979; Rothschild et al. 1984; Meijerink et al. 2000; 
Gibson & Bishop 2005; Galina-Pantoja et al. 2006; Petry et al. 2007; Reiner et al. 2007, 
2010; Clapperton et al. 2009).  Several quantitative trait loci (QTLs) associated with immune 
capacity in the pig have been identified, including QTLs for total white blood cell and 
leukocyte numbers, mitogen-induced proliferation, levels of pre-vaccination antibodies to 
Escherichia coli, stress-induced immune-response as well as QTLs for porcine humoral 
innate immune response and cytokine concentration (Edfors-Lilja et al. 1998, 2000; Reiner et 
al. 2008; Wimmers et al. 2009; Lu et al. 2010).  Several immune traits have been suggested 
as predictors of swine health status, including acute phase protein alpha-1 acid glycoprotein 
(AGP) levels and numbers of peripheral blood mononuclear leukocyte (PBML) subsets such 
as CD11R1
+
 cells (Clapperton et al. 2009).  In addition, several inherited immunological 
traits such as numbers and function of polymorphonuclear leukocytes (PMNs) were shown to 
affect porcine resistance to Salmonella (van Diemen et al. 2002).  Further, chromosomal 
regions have been identified that are associated with S. enterica serovar Choleraesuis (SC) 
spleen and liver colonization at 7 days post-challenge in F2 offspring of a boar thought to be 
heterozygous for genes involved in Salmonella susceptibility (Galina-Pantoja et al. 2009).  
Effect of selection on porcine adaptive immune response have been analyzed by developing 
high immune response (HIR) and low immune response (LIR) porcine lines selected for a 
combination of humoral and cellular response measures (Mallard et al. 1992; Wilkie & 
Mallard 1999; Crawley et al. 2005).  Altogether, these studies indicate that there is 
measurable genetic control of immune traits that leads to variation in disease progression and 
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pathogenesis.  However, the specific genes, genetic variants and pathways that are involved 
in controlling such variation in porcine response and resistance to Salmonella have not been 
identified.  Recent microarray gene expression profiling from pig mesenteric lymph node 
examined the porcine transcriptional response to SC and S. enterica serovar Typhimurium 
(ST) infections (Wang et al. 2007, 2008). In this research reported herein, we used this global 
gene expression data to select candidate genes and analyze SNPs in genes whose expression 
levels respond to both Salmonella serovars as such genes and their variants are more likely to 
be important in host response to Salmonella serovars found in a field.  We also genotyped 
three porcine populations with a total of 377 animals and identified association of the SNPs 
with Salmonella shedding and/or tissue colonization.  
 
Materials and Methods 
Porcine populations 
 The three porcine populations with qualitative or quantitative Salmonella shedding 
and/or tissue colonization phenotypes that were used in this study are as follows:    
 Field population.  A survey of swine farms in Iowa, USA, resulted in the collection 
of tissues as well as Salmonella fecal shedding data for >7,000 animals (Wang et al. 2010).  
Fecal samples were collected seven days before marketing, and samples were tested for 
Salmonella presence as described below. Within a subset of approximately 1,000 pigs of this 
population, we obtained tissue samples and isolated genomic DNA from 52 fecal positive 
pigs and 57 fecal negative control pigs. These controls were selected from the cohort of 
animals collected on that farm and day where a positive case was found; where possible we 
used an animal collected near the positive sample. For genotyping, we used these 109 field 
population pigs. 
 IAH-Compton population. This experimental challenge population contains a total 
of 228 pigs that include multiple specific sire families of commercial pigs as described (van 
Diemen et al. 2002).  Briefly, first generation offspring of 2 boars that were potentially 
susceptible and resistant as well as 2 unknown boars were experimentally infected with S. 
Choleraesuis followed by enumeration of bacteria in liver and spleen 7 days post infection.  
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The phenotypic data and DNA samples from this population were a gift from Pig 
Improvement Company (PIC).  
 NADC (National Animal Disease Center) population. This experimental challenge 
population contains 40 mixed breed pigs that were experimentally inoculated with S. 
Typhimurium; details on this experiment have been reported (Uthe et al. 2009).  Briefly, at 
days 2, 7, 14 and 21 post inoculation (pi) quantitative Salmonella fecal shedding data was 
collected.  At day 21 pi, ileo-cecal lymph nodes were collected and qualitative Salmonella 
presence or absence in this tissue was determined as described (Uthe et al. 2009).  All 
procedures involving animals were lawful and approved by the USDA, ARS, NADC Animal 
Care and Use Committee. 
 
Sample collection and Salmonella bacteriology 
 For the field population, individual fecal samples (20-30 grams) were collected into 
labeled plastic bags at the same time as animals were tattooed (Wang et al. 2010).  Matched 
belly flap samples were collected at the abattoir from dressed carcasses using the unique slap 
tattoo number. Belly flap samples were placed in plastic bags and frozen for later DNA 
preparation.  To identify pigs shedding Salmonella, qualitative bacteriology was performed 
as follows: 10 gram samples of swine feces were assayed in duplicates using Salmonella 
enrichment and selective media as previously described (Hurd et al. 2002).  Positive isolates 
were confirmed by serogroup antiserum agglutination assays.  
DNA isolation 
 To isolate DNA from belly flaps (field) and liver tissues (NADC), about 20 mg of 
tissue samples were digested with proteinase K (Invitrogen, Carlsbad, CA).  DNA from 
tissue lysates was extracted using Wizard SV genomic DNA purification system (Promega, 
Madison, WI) according to the manufacturer’s protocol.  DNA was quantified by Nanodrop 
(Thermo Scientific, Wilmington, DE) and DNA quality was checked by A260/A280 ratios 
and agarose gel electrophoresis.  
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Selection of functionally relevant genes for SNP analysis 
Our gene and putative SNP selection criteria were as follows:  
1) Genes that are differentially regulated early, at 8 – 48 hr during both ST and SC 
infections in pigs(Wang et al. 2007; Wang et al. 2008). All annotated genes were 
considered that showed a difference in expression of at least 1.5 fold comparing 
infected animals to un-infected controls and q-value < 0.24, as these criteria we used 
in the original studies. 
2) Genes that, based on published data (Jenner & Young 2005), are involved in response 
of the organism to multiple bacterial pathogens. 
3) Genes whose expression is known to be “non-tolerized” or non-diminished during 
continuing re-infection, as such genes are more likely to be involved in clearance of 
bacterial pathogens (Foster et al. 2007). 
This approach identified 223 candidate genes with 32 of them found in the Jenner and Young 
list of genes responding to bacterial pathogens, two genes reported as non-tolerizeable, as 
well as seven genes coming from the combination of the lists above (Fig .1 and 
Supplementary table 2).  This candidate gene list was expanded by adding genes that are 
differentially expressed in porcine whole blood RNA two days after inoculation with ST 
(Huang et al., manuscript in preparation, Supplementary table 2).  In this experimental ST 
challenge study, pigs that stopped shedding the bacteria after day 7 of the experiment were 
called low shedders and pigs that continued shedding until the end of the 21 day study were 
called persistent shedders.  The 62 genes were chosen based on Affymetrix analysis as those 
genes with q-value < 0.05 for shed class by infection interaction and expressed  ≥ 1.5 fold 
change due to infection  in the opposite direction for low shedder versus persistent shedder 
pigs (Huang et al., manuscript in preparation). 
 
Identification of SNPs in functional candidate genes and SNP genotyping 
 Putative SNPs in the selected genes were identified using PEDE (Pig Expression Data 
Explorer, http://pede.dna.affrc.go.jp/) or DFCI (Dana-Farber Cancer Institute) Pig Gene 
Index databases (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=pig).  From 
the databases we selected sequences with putative SNPs, requiring a minimum of three 
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counts of the minor allele that was different from the allele on the consensus sequence 
reported by the database.  
 DNA genotyping was performed by PCR-restriction fragment length polymorphism 
(PCR-RFLP), tetra primer ARMS (amplification refractory mutation system)-PCR and 
Sequenom technologies.  Initially, we tested 13 predicted SNPs by PCR amplification and 
product sequencing of representative DNA pools from the NADC population (DNA 
Sequencing and Synthesis facility, Iowa State University, Ames, IA).  Analysis by RFLP was 
used to genotype the confirmed SNPs in the NADC and IAH-Compton populations (Table 
1).  The PCR reactions were prepared in 15 μl volume and the PCR conditions were as 
follows: 5 min at 95°C followed by 35 cycles of 1 min at 94°C, 30 sec at 55°C, 1 min at 
72°C and final extension 10 min at 72°C.  Enzymatic digestions followed by agarose gel 
electrophoresis to determine genotypes used standard protocols. 
 To increase genotyping throughput and efficiency, we used Sequenom MassARRAY 
technology (MassARRAY Compact System, Sequenom Inc., San Diego, CA) for the 
remaining SNPs.  Selection of SNPs for multiplex reaction, primer design (Supplementary 
table 1) and genotyping was performed using iPLEX reagent kit and the Sequenom Typer 3.1 
software according to the manufacturer’s instructions (Sequenom, 
http://www.sequenom.com).  Assays that had a minimum of 80% of genotyping calls and 
minor allele frequency (MAF) of at least 15% were subsequently statistically analyzed.  For 
quality control, within the set of SNPs genotyped by Sequenom we included 13 markers with 
known genotypes based on PCR-RFLP analysis of the NADC population.  The accuracy of 
Sequenom genotype data compared to PCR-RFLP results was 99%.  Finally, tetra primer 
ARMS-PCR was used to genotype CD163 #2 SNP (NM_213976.1:c.2685C>A) as data for 
this SNP was incomplete by Sequenom analysis.  Each PCR reaction contained 30 ng of 
DNA template, 10 pmol of each inner primer, including the C allele specific forward 
(5’TGTTCAGTGTCCTAAAGGACCTGACGCC) and the A allele specific reverse primer 
(5’ATGGAGATGAGGGGCACTGCCATGGT) and 1 pmol of each outer primer (forward: 
5’ GGACATCAGCCCTGCATCTTCAGACAAG and reverse: 
5’ATGTGATCCATGTCTCCTCTGAGGGGCT).  The above PCR primers were designed 
using tetra primer ARMS-PCR primer design software at 
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http://cedar.genetics.soton.ac.uk/public_html/primer1.html (Ye et al. 2001).   PCR reactions 
were prepared in 10 μl volume using GoTaq Hot Start Green Master Mix (Promega, 
Madison, WI). Touch down PCR conditions were as follows: 2 min at 95°C followed by 35 
cycles of 1 min at 95°C, 1 min at 75°C for the first cycle, decreasing by 1°C each cycle until 
the temperature of 60°C was reached and continuing at that annealing temperature for the rest 
of the cycles; then 1 min at 72°C and final extension 10 min at 72°C.  PCR products were 
detected by electrophoresis on an agarose gel consisting 1:1 of low EEO (Fisher Scientific, 
Pittsburg, PA) and MetaPhor (Cambrex, East Rutherford, NJ) agaroses.  The presence of a 99 
bp PCR product was indicative of C allele, a 110 bp product indicated the A allele and the 
outer primers always produced a 155 bp product. 
 
Statistical analysis 
Statistical association analysis of genotype and Salmonella shedding and / or tissue 
colonization phenotype was performed in the statistical computing environment R, with all 
code available upon request.  Because of small sample sizes and non-normal distributions, 
permutation-based hypothesis testing was used to assess the significance of association 
between each SNP and each phenotype in each population separately. Within each 
population, the test statistic used for permutation testing was carefully chosen based on the 
nature of the phenotype and the structure of block factors unique to each population as 
described in the subsections below.  Regardless of the test statistic selected, permutation 
testing was carried out for each population, phenotype, and SNP as follows. First, the test 
statistic was computed for the original data. Then SNP genotypes were randomly shuffled 
19,999 times within the levels of the available block factor(s).  The test statistic was 
recomputed for each of these 19,999 data sets. The resulting 20,000 test statistics provided a 
reference distribution under the null hypothesis of no association. A permutation p-value was 
computed as the proportion of these 20,000 statistics that were as extreme as or more extreme 
than the statistic observed for the original data. 
 Besides analyzing each SNP of interest separately, SNPs that lie within the same gene 
were also assessed for association jointly.  Each joint SNP was first treated as a single 
multilevel factor (up to nine levels) and was analyzed in the same way as other SNPs.  To 
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further improve statistical power by recovering some inter-block information, the 
permutation p-value of this joint SNP together with permutation p-values from the individual 
SNPs in the same gene were then combined using Fisher's combination function, i.e., the 
geometric mean function.  The same combination procedure was applied to all other 19,999 
permutations.  The final permutation p-value for the joint SNP was computed as the 
proportion of permutations that had a combined p-value no larger than the one obtained in the 
original data (Pesarin 2001).   
 Due to multiple hypothesis tests performed in the analyses, we controlled SNP false 
discovery rates (FDR) from the set of p-values for each trait in each population separately, 
using a procedure similar to Storey and Tibshirani (2003).  The default smoother method 
used by Storey and Tibshirani (2003) was not stable because we had only dozens of p-values. 
Thus, we chose to set the lambda parameter discussed by Storey and Tibshirani (2003) to be 
the observed p-value such that the difference between the p-value itself and the empirical 
distribution function evaluated at this p-value was maximum.  When the number of p-values 
is large, this modification results in more conservative FDR control, i.e. it controls FDR by 
providing a wider safety margin.  Note that this FDR estimator also provides a natural 
estimate of the proportion of false positives (PFP) (Fernando et al. 2004).  Hence even 
though the multiple testing procedure was applied to each phenotype-by-population 
combination separately, the procedure also provides a reasonable estimate of PFP when all 
hypotheses in the currently study are considered together. 
 Details specific to each population are as follows: 
 Field population. The binary Salmonella shedding status trait was used as the 
response variable. A logistic regression model was used with farm-and-visit combination as a 
block factor and SNP as a fixed factor of interest. Due to complete separation of the binary 
trait with either block or the SNP of interest, not all maximum likelihood estimates of 
parameters were finite. Hence, Firth's penalized likelihood method was used for parameter 
estimation (Firth 1993). The modified (Rao's) score statistic was computed for the SNP of 
interest, based on Firth's modified score equation (Heinze & Schemper 2002). 
 IAH-Compton population.  Two log transformed count traits – spleen counts (splC) 
and liver counts (livC) – were analyzed separately for each SNP. Each of 39 combinations of 
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group, sire, and dam was treated as a distinct level of a block factor.  The test statistic was 
chosen to be the weighted average of the within-SNP-genotype pair-wise Euclidean distances 
(see the MRBP statistic proposed by Mielke and Berry 2007). 
 NADC population.  The phenotypes for this population included a univariate binary 
ileo-cecal lymph node (ICLN) trait and a 4-dimensional (4 time points pi) shedding count 
trait.  Sow was the only block factor.  For the binary ileo-cecal lymph node (ICLN) trait, a 
permutation-based likelihood ratio test was used to separately test the association of each 
SNP with the binary response in a logistic regression model. For each SNP being analyzed, 
log likelihood ratio statistic was calculated by comparing the maximized log likelihood from 
the model with the sow as the only fixed factor and the model with both the sow and the SNP 
being analyzed as fixed factors. The 4-dimensional shedding count trait was transformed by 
taking natural logarithms after adding one to each count to avoid infinite logarithms.  The test 
statistic for the 4-dimensional shedding count trait was calculated as the weighted mean of 
within-genotype average pair-wise Euclidean distances of pigs, with weights being the 
number of pigs within the same SNP genotype (see the MRBP statistic of Mielke and Berry, 
2007)(Supplementary file 3).  
 
Results 
 
Identification of Functionally relevant candidate genes for Improving resistance 
to Salmonella 
 Expression profiling by our research team of the porcine response to Salmonella 
(Uthe et al. 2007; Wang et al. 2007; Wang et al. 2008) has identified genes differentially 
regulated in pig’s mesenteric lymph nodes at various stages during Salmonella infection from 
acute (8 hr post inoculation (p.i.) to the chronic (21 days p.i.) stages. This microarray analysis 
of mesenteric lymph node gene expression was chosen as the most comprehensive published 
study on porcine transcriptional response to Salmonella and provides large lists of genes 
responding to two different Salmonella serovars (SC and ST) to be screened to select 
candidate markers for SNP analysis. Aiming to identify genes that would be involved in 
controlling porcine response to infection under different conditions at different farms, we 
60 
 
 
also attempted to select genes that are respond to commonly bacterial pathogens using 
literature information. Global gene expression analysis in response to Salmonella and other 
pathogens is available in other animal species including chicken (Chiang et al. 2008; Zhang 
et al. 2008; Zhou & Lamont 2007). Across-species comparison of microarray data is complex 
due to variety of tissues or cells and various microarray platforms used, as well as the 
logistics of identifying orthologs to microarray elements in other species.  Thus, we focused 
on using our Salmonella response transcriptomics data that is directly relevant to porcine 
resistance. However, as an additional level for selecting genes we opted to use a well-
described common host response gene list described by Jenner and Young (2005). The 
authors analyzed a wide range of microarray experiments in a variety of human cells, thus, 
encompassing genes generally responsive to pathogenic stimuli by mammalian cells.  As an 
additional level in choosing genes we used a non-tolerizeable gene list described by Foster et 
al (2007) attempting to prioritize genes that may be involved in clearance of the bacteria. 
Figure 1 shows the total number of genes found under each of the above criteria and the list 
intersections. In addition, we selected 62 genes that by Affymetrix microarray analysis were 
found differentially regulated in porcine whole blood RNA two days after inoculation with 
ST in two different classes of pigs that differ for fecal shedding phenotypes (Huang et al., 
manuscript in preparation, Supplementary table 2; see Methods). In total, we selected 285 
genes for SNP identification and analysis. 
 
SNP genotyping in functionally relevant genes  
 From the selected candidates, we chose genes that had a putative SNP with a 
minimum of three counts of the minor allele that was different from the allele on the 
consensus sequence.  In many cases, the SNP was confirmed by initial sequencing.  Thus, we 
selected for genotyping a set of 54 SNPs in 41 genes responding to acute Salmonella 
infection in pigs.  A subset of 29 SNPs was selected for multiplex genotyping by Sequenom 
software and genotyping calls were obtained for 23 SNPs through Sequenom analysis.  As a 
check on Sequenom call accuracy, we checked eleven SNPs in this set that had been 
genotyped earlier in our populations by PCR-RFLP. For ten SNPs, Sequenom and previous 
genotype agreement frequency was 99.8%, while the assay for one SNP did not produce 
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Sequenom results.  Several SNPs that had MAF ≥15% but low Sequenom call rate were 
manually completed to achieve at least 80% of allele call rate by either RFLP or tetra primer 
ARMS-PCR technology.  In total, we genotyped 31 SNPs and confirmed 28 putative SNPs in 
23 functionally relevant genes (Table 2).  Twenty-four SNPs in 21 genes had a MAF of 15% 
or greater in one of the three populations and 21 SNPs in eighteen genes had MAF of at least 
15% in at least two of the three populations (Table 3).  
 
Association of SNPs with Salmonella shedding or tissue colonization 
 Several SNPs were associated with Salmonella shedding or tissue colonization 
phenotypes.  SNPs with an estimated q-value ≤ 0.2 were selected as statistically significant, 
where q-value is the estimated proportion of false positives (PFP); p-values for significant 
SNPs ranged from 0.002 to 0.088. In the NADC-40 population, the SNP in AMT was 
associated with quantitative fecal shedding of S. Typhimurium over the time course of 
infection with a raw p-value 0.005 and estimated q-vale 0.095 (Fig. 2).  In the field 
population, qualitative Salmonella shedding status was associated with SNPs in GNG3 
(p=0.07, q=0.19), NCF2 #1 (p=0.023, q=0.16), TAP1 #2 (p=0.027, q=0.16), VCL (p=0.059, 
q=0.19) (Fig. 3) and CCT7 #3 (p=0.088, q=0.20, data not shown)  as well as combined SNPs 
in ACP2 #1+2+3 (p=0.031, q=0.16) and CCT7 #2+3 (p=0.065, q=0.19) (Fig. 4). The 
association of SNPs to Salmonella tissue colonization phenotype was assessed using the 
NADC and IAH-Compton populations.  In the NADC population, a SNP in the EMP1 gene 
was associated with qualitatively measured Salmonella load in the ileo-cecal lymph node at 
21 days post inoculation with raw p-value 0.002 and estimated q-value 0.041 (Fig. 5). In the 
IAH-Compton population, three compound SNPs in the ACP2 gene were associated with 
quantitatively measured Salmonella burden in spleen (p=0.013, q=0.138) and liver (p=0.089, 
q=0.15) (Fig. 6 and data not shown).  In this population, animals having homozygous G/G 
(ACP2, SNP#1, spleen p=0.011, q=0.035; liver p=0.093, q=0.15), T/T (ACP2, SNP #2, 
spleen p=0.024. q=0.035) and A/A (ACP2, SNP#3, spleen p=0.022, q=0.035; liver p=0.079, 
q=0.15) genotypes had the highest tissue colonization at seven days post inoculation with S. 
Choleraesuis.  A SNP in the AMT gene (p=0.054, q=0.068, data not shown) was associated 
with Salmonella burden in spleen, while a SNP in the CCR1 gene (p=0.021, q=0.11) was 
62 
 
 
associated with bacterial numbers in liver in the IAH-Compton population (Fig 7).  Bacterial 
numbers in liver and spleen were associated with CD163 SNP #2 (liver: p=0.047, q=0.13) 
and SNP #3 (liver: p=0.014, q=0.11; spleen: p=0.002, q=0.018) (Fig 7).  The combined 
CD163 SNP #1+3 genotypes were associated with Salmonella burden in both liver and 
spleen (liver: p=0.038, q=0.13; spleen: p=0.017, q=0.035; data not shown).  
 
 
Discussion 
 This research focuses on the long-term goal of using the power of genomics to 
identify genetic variants associated with decreased tissue colonization or Salmonella 
shedding in live pigs.  In addition, this is the first study to use global gene expression data 
and literature information on important immune response genes to select genetic 
polymorphisms for association to Salmonella colonization and shedding phenotypes in pigs.  
Selection of candidate genes for SNP analysis was an essential step in this scale of 
investigation to understand porcine genetic resistance to Salmonella.  Our previous analysis 
of global transcriptional regulation of swine response to Salmonella (Uthe et al. 2007; Wang 
et al. 2007, 2008)  was particularly useful in the gene selection process. By focusing on genes 
that are a) differentially regulated in both S. Choleraesuis and S. Typhimurium infections, b) 
known to respond to many types of pathogens in human cells (Jenner & Young 2005), and/or 
c) genes recently shown to be insensitive to suppression (non-tolerizeable) by repeated 
lipopolysaccharide (LPS) stimulation, we attempted to identify candidate genes involved in 
Salmonella as well as general porcine disease resistance.  The criteria we applied were 
valuable in the selection of candidate genes for SNP and association analysis.  In particular, 
four genes with confirmed SNPs were selected as belonging to a common host response gene 
list by Jenner & Young (2005) and SNPs in three of those genes were associated with 
Salmonella-related phenotypes, indicating the usefulness of this gene selection criterion.  
However, SNPs in genes that were non-tolerizeable (nine genes out of 223) were either not 
found or not confirmed in our pig populations by initial pre-screening.  In all, while global 
gene expression data provided novel lists of genes potentially controlling Salmonella 
colonization and shedding in pigs, general immune response pathways reported by Jenner & 
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Young (2005) were useful to focus on particular immune genes. 
 Of similar importance to defining the most appropriate candidate genes is developing 
test populations with relevant phenotypic records. It is very difficult to create substantive 
datasets for infectious disease work in large food animals, due to the great expense and 
substantial logistical work needed to collect data on natural populations or experimental 
challenge populations. We were able to gain access to the largest experimental challenge 
population samples that have been published for Salmonella infection in pigs, the IAH-
Compton study (van Diemen et al., 2002), as well as develop an additional challenge 
population (NADC). We also sampled a field population, in the process creating a unique 
dataset for genetic association to naturally occurring infections in the farm setting. These 
three porcine populations were very useful in analyzing associations of genetic 
polymorphisms to phenotypes of the porcine response to Salmonella.  The populations 
provided phenotypes related to a variety of Salmonella exposure including S. Typhimurium 
(NADC), S. Choleraesuis (IAH-Compton) and un-typed Salmonella from Iowa farms (field 
population).  In addition to quantitative as well as qualitative phenotypes, the three porcine 
populations provided a total of 377 pigs to analyze for associations.   
 The analysis revealed several SNPs in our selected genes associated with Salmonella 
shedding or tissue colonization phenotypes. The genes with associated SNPs are involved in 
a variety of cellular functions. The AMT genotype was associated with fecal Salmonella 
shedding over time in the NADC population, where pigs with G/G genotype had about 64 
fold less bacteria comparing with G/A pigs (Fig. 2).  Consistent with this finding, we 
observed an association of AMT with Salmonella load in spleen in the IAH-Compton 
population as well; however, this association is based on a single pig with the A/A genotype 
that had about 120 to 300 fold higher number of bacteria compared with G/A and G/G pigs, 
respectively (data not shown). The AMT gene codes for aminomethyltransferase, which is 
involved in the mitochondria-specific enzyme system for cleavage of glycine (Applegarth & 
Toone 2006).  Mutations in AMT gene has been implicated in accumulation of glycine in 
body fluids, a pathological condition known as nonketotic hyperglycinemia (Kure et al. 
2006).  A role of AMT or its polymorphisms in infection has not been identified, yet we 
showed this gene was up-regulated 1.5 fold in RNA from whole blood from pigs that did not 
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shed Salmonella in their feces past seven days of experimental inoculation and was 1.6 fold 
down-regulated in blood RNA from pigs that shed bacteria throughout the 21 day experiment 
(Huang et al., manuscript in preparation).    
 Genotypes in several genes were associated with the frequency of Salmonella-
positive animals in the field population (Figs. 3, 4).  The GNG3 (guanine nucleotide 
exchange factor gamma 3) gene product is involved in a variety of receptor signaling 
pathways (Kelly et al. 2008).  GNG3 also stimulates the effectiveness of CD4-T cell-
dependent immune responses as shown by an increase in antibody production in wild type 
compared to GNG3 knock-out mice (Dubeykovskiy et al. 2006).  Thus, GNG3 may play a 
role in Salmonella infection as CD4-T cells are known to be involved in defense against 
Salmonella.  In our research, expression of GNG3 was diminished 1.5 fold in pigs that shed 
Salmonella throughout the 21 day experiment, while it was two fold induced in pigs that 
stopped shedding bacteria after seven
 
days p.i. (Huang et al, manuscript in preparation).  
Another Salmonella shedding associated SNP was found in neutrophil cytosolic factor 2 
(NCF2), a gene encoding a cytosolic subunit of neutrophil NADPH oxidase, which produces 
superoxide anion delivered to the neutrophil phagosome for its microbicidal effect (Ammons 
et al. 2007).  Oxidative burst capacity of polymorphonuclear leukocytes (PMNs) was shown 
to affect resistance of pigs to infection with S. Choleraesuis (van Diemen et al. 2002), and 
thus NCF2 gene function may be directly involved in this process.  In mice, NCF2 was 
suggested as a candidate gene for the Ity3 (immunity to Typhimurium) locus-mediated 
Salmonella resistance (Sancho-Shimizu & Malo 2006).  Researchers found that variation in 
NCF2 sequence in mice resulted in reduction of superoxide production in response to 
infection with S. Typhimurium.  While our permutation analysis indicated significant 
association of NCF2 SNP with Salmonella shedding, only two pigs with a rare A/A genotype 
were 100% positive for Salmonella. This may reflect an insufficient sampling of the 
population or, potentially, some deleterious effect of the A/A genotype on swine health; the 
latter possibility is less likely.  A SNP associated with Salmonella shedding was found in the 
transporter associated with antigen processing 1 (TAP1) gene that belongs to a superfamily of 
ATP-binding cassette transporters and is involved in transporting cytosolic peptides across 
the endoplasmic reticulum where they are loaded on major histocompatibility complex 
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(MHC) class I molecules (Schölz & Tampé 2009).  The RNA for TAP1 was up-regulated 
about two fold at 24-48 hr pi with S. Typhimurium and S. Choleraesuis.  In addition, TAP1 is 
known to be involved in response to multiple bacterial pathogens in human cells.  
Polymorphisms in the TAP1 gene have been linked to effects on the outcome of viral or 
parasitic infections as well as cancers (Soundravally & Hoti 2008; Aquino-Galvez et al. 
2008).  We also found genotypes in the VCL gene associated with shedding. The VCL gene 
codes for vinculin, a cytoskeletal protein that through integrins can couple the extracellular 
matrix with the actin-myosin cytoskeleton and is therefore implicated in cell adherence and 
motility (Mierke 2009).  As actin polymerization is an essential step in Salmonella-mediated 
intracellular invasion, vinculin may play an important role in this process by affecting actin 
dynamics (Finlay & Brumell 2000;Wen et al. 2009).  We have found that VCL was up-
regulated two fold in pigs shedding Salmonella throughout the 21 days experiment and 
down-regulated five fold in pigs that cleared the bacteria after day seven pi (Huang et al., 
manuscript in preparation); however, a direct link between Salmonella infection and vinculin 
has not been made previously.  Finally, CCT7 (chaperonin containing TCP1, subunit 7, 
CCT7) is a chaperone involved in cytoskeleton protein folding (Valpuesta et al. 2002).  In 
our previous research SNP #2 (NM_001170522:c.1026G>A) of the CCT7 gene was 
associated with Salmonella shedding in the NADC population (Uthe et al. 2009).  Here, we 
extended this observation by confirming an additional SNP #3 in the coding sequence of 
CCT7 and identified association of the combined CCT7 SNP #2 + SNP #3 genotype to 
Salmonella incidence in the field population (Fig. 4). 
 A SNP associated with Salmonella load in ileo-cecal lymph node was found in the 
EMP1 gene, where pigs with the G/A EMP1 genotype were twice as likely to be ICLN-
positive for Salmonella compared to G/G pigs (Fig. 5).  In addition, polymorphism in EMP1 
results in a non-synonymous amino acid substitution from alanine to threonine at position 
130.  EMP1 was chosen for this study as gene expression was induced in pigs by both S. 
Typhimurium (Wang et al., 2007) and S. Choleraesuis (Wang et al., 2008) 1.6 fold (48 hr pi) 
and 2 fold (24 hr pi), respectively.  The EMP1 gene encodes epithelial membrane protein 1, 
which is involved in regulation of cell adhesion, cell signaling and cell communication 
(Jetten & Suter 2000; Wang et al. 2003).  Cross-talk between EMP1 and epithelial growth 
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factor receptor signaling has been described (Jain et al. 2005).  Furthermore, EMP1 is a gene 
known to be involved in response to multiple bacterial pathogens (Jenner & Young 2005).  
However, a role of EMP1 in infectious disease is unknown.   
 Specific genotypes associated with both Salmonella burden in spleen and liver in the 
IAH-Compton population and Salmonella fecal shedding in the field population were found 
in the ACP2 gene (Fig. 4 and 6). Approximately 20-50 fold more bacteria in spleen were 
found in animals that were homozygous for specific ACP2 SNPs as compared to the other 
homozygous genotype (Fig. 6).  Several haplotypes could be predicted from the three 
observed compound homozygous genotypes in ACP2.  Thus, pigs with GGTTAA genotype 
(GTA haplotype) are estimated to have a much higher spleen burden as compared to pigs 
without the GTA haplotype.  For example, GGTTAA animals in IAH-Compton population 
have about 32 fold more bacteria compared to CCAAGG animals (Fig 6).  Interestingly, the 
GGTTAA animals in the field population also have the highest estimated incidence of 
bacterial shedding, suggesting that the GTA haplotype could predict pigs with a diminished 
ability to control Salmonella.  Microarray analysis revealed the up-regulation of ACP2 
expression by about two fold at 48 hr post inoculation with both S. Typhimurium and S. 
Choleraesuis (Wang et al. 2007, 2008).  The gene encodes acid lysosomal phosphatase that is 
expressed in lysosomal compartments in all tissues and involved in phosphomonoesters 
cleavage (Moss, Raymond, & Wile 1995).  One of our associated SNPs in this gene, ACP2 
SNP #2 causes an amino acid substitution from glutamate to aspartate at position 187.  A 
mutation in the ACP2 gene has been previously described in mice (Mannan et al. 2004; 
Saftig et al. 1997).  It was found that the non-synonymous SNP causing a glycine to 
glutamate substitution (Gly244Glu) in murine ACP2 rendered the protein inactive while 
causing a variety of pathologies in mice, including growth retardation, ataxia-like phenotype, 
delayed hair appearance and lysosomal storage bodies in nucleated cells (Mannan et al. 
2004).  Even though ACP2 belongs to a list of genes involved in response of human cells to 
multiple bacterial pathogens (Jenner & Young 2005), association of ACP2 polymorphisms 
with infection has not been previously described, and the effect of this novel identified non-
synonymous SNP on ACP2 function in pigs remains to be revealed.  
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 Several other SNPs were associated with Salmonella burden in liver (CCR1) or both 
liver and spleen (CD163) in the IAH-Compton population (Fig. 7).  CCR1 encodes 
chemokine (C-C motif) receptor 1 which was 6 fold up-regulated in pigs inoculated with S. 
Choleraesuis at 48 hr pi and 2 fold down-regulated at 8 hr pi in pigs inoculated with S. 
Typhimurium (Wang et al. 2007, 2008).  CCR1 is expressed on T cells, monocytes, 
neutrophils, eosinophils, and basophils (Charo & Ransohoff 2006) and has chemoattractant 
as well as inflammatory modulating functions (Hartl et al. 2008; Khan et al. 2001). 
Polymorphisms in the CCR1/CCR3/CCR2 region have been associated with Coeliac disease 
in humans (Amundsen et al. 2010); this study is the first to demonstrate an association of 
CCR1 with bacterial infection in pigs.   
 Macrophage scavenger receptor CD163 is another gene associated with Salmonella 
infection phenotype, with pigs of A/A genotype at SNP #2 having about ten fold more 
bacteria in spleen and liver comparing to C/C genotype (Fig. 7).  Gene expression analysis 
revealed that CD163 was induced sixteen fold in S. Choleraesuis inoculated pigs at 48 hr pi 
(Wang et al. 2008) and about two fold in S. Typhimurium inoculated pigs at 24 hr pi (Uthe et 
al. 2007).  CD163 plays a homeostatic function by binding hemoglobin-haptoglobin 
complexes and protecting tissues from oxidative damage (Fabriek et al. 2005).  It was found 
that CD163 serves as a receptor for porcine reproductive and respiratory syndrome virus 
(PRRSV) needed for viral invasion (Calvert et al. 2007).  In addition, CD163 has been shown 
to bind Gram-positive and Gram-negative bacteria as well as respond to lipopolysaccharide 
(LPS) inducing/regulating pro-inflammatory cytokine synthesis (Fabriek et al. 2009).   
This research demonstrates a successful strategy for analyzing genetic variation 
associated with the response of swine to Salmonella. Our unique approach for selecting 
candidate genes as well as initial pre-screening of putative SNPs resulted in twelve SNPs 
associated with Salmonella shedding or tissue colonization in pigs.  This research is the first 
to link polymorphisms in the GNG3, TAP1, NCF2, VCL, AMT, EMP1, ACP2, CCR1 and 
CD163 genes with Salmonella infection traits, and we extended our investigations into the 
association of polymorphisms in CCT7 with porcine resistance to Salmonella. We found only 
one of these genes had SNPs with association across populations (ACP2). However, since the 
populations had different phenotypes measured, it is unclear whether we should expect such 
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across-population agreement. While these differences in Salmonella-related phenotypes as 
well as different genetic background of the populations may have provided more opportunity 
to find association, these characteristics may have reduced the ability to find SNPs with 
association across the populations. As additional Salmonella-challenged pig populations 
become available, validation of these associated markers to Salmonella colonization and 
shedding in swine will be performed. In addition, further studies may reveal the effect of our 
identified SNPs on function of the genes and their role in porcine disease resistance. The 
SNPs in our phenotype-associated genes can now be evaluated as markers for selecting 
animals that shed fewer bacteria and are less likely to cause pen-mate Salmonella 
contamination on-farm and in the slaughter plant.  Thus, this research provides novel 
information for the pig industry to implement in strategies for selecting pigs with reduced 
shedding and/or disease susceptibility.   
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Table 1. RFLP analysis of selected polymorphisms 
 
 
Gene Name and  
SNP 
 
PCR primers, 5’– 3’ 
 
Enzyme 
PCR 
product 
(bp) 
 
Digestion product sizes  
(bp) 
CD47/IAP,  
NM_213982.1:c.2581G>A 
 
f: GTGCACCTGTGTAAGTTAGGCAC;  
r: CAGCAAACCACTTGGTCCCAGAAT 
 
Tsp509 I 
 
370 A: 103, 93, 74, 48, 42, 10 bp; 
G: 151, 93, 74, 42, 10 bp   
VCP #3, 
NM_214280.1:c.1318G>A 
f: GTCGCTTTGACAGGGAGGTAG; 
r: TGTTCAAGGTCCACATCATCTG 
 
BstY I 
 
112 G: 64, 48 bp; 
A: no digestion   
LCP1 #1, 
XM_001929138.1:c.644T>C 
f: CTGCCTGCTTGCCTCTG 
r: GATAAACTCGTCAAAGCTGATC 
 
BtsC I 
 
107 T: 82, 24; 
C: no digestion   
CCT7 #3, 
NM_001170522:c.1520C>T 
f: GAGGACATTGCTGACAACTTCG 
r: GTGAGAACAGAGGGTCAAATAC 
 
BtsC I 
 
299 T: 188, 111 bp; 
C: no digestion 
CCR1, 
NM_001001621.1:c.2878G>A 
f: CCCATCAGCAGAACCACAAC 
r: GATTTATTGTCTTGGGAAAGTGAT 
 
Tsp509 I 
 
474 G: 224, 127, 123 bp; 
A: 186, 127, 123, 38 bp 
CD163 #3, 
NM_213976.1:c.3066T>C 
f: ATATGGCTCAATGAAGTGAAGTG 
r: GGGATTCTCGGCTCTTTGC 
 
Afl III 
 
504 T: 109, 207, 184 bp;  
C: 316, 184 bp 
NCF2 #1, 
NM_001123142.1:c.1419C>T 
f: ACCACAGAACCTCACCTAAAG 
r: ATGATGTCCCCTTCCAGAAAG 
 
Acu I 
 
101 T: 59, 30, 12 bp; 
C: 71, 30 bp 
TYROBP, 
 NM_214202.1:c.232C>T 
f: TGGTGCTGACCCTCCTC 
r: CTCAGCGATGTGTTGTTTCC 
 
Btg I 253 C: 70, 183 bp; 
T:  no digestion. 
TAP1 #2, 
NM_001044581.1:c.448A>G 
f: CTTTCCCATAAACCGCTTGCTTC 
r: CAGAGCCTCTGTGACTTCCTTG 
 
HpyCH4V 702 A: 587, 53, 40, 22 bp 
G: 587, 93, 22 bp 
ACP2 #3, 
ITC.59388.1004:c.644G>A 
f: TTGAGCAGCTGCAGAACGAG 
r: GAGTGTGTCATAGACATTCCAG 
 
Sau96 I 
 
226 A: 153, 74 bp 
G: 111, 74, 42 bp 
Note: the PCR-RFLP assay for CCT7 #2 SNP was reported in Uthe et al, 2009.
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Table 2. Summary of genotyping and associations analyses. 
 
  Porcine populations 
NADC-40 Field IAH-Compton 
SNPs tested by Sequenom and /or RFLP 31 29 31 
Genes tested 25 23 25 
Informative SNPs found (MAF ≥ 15%) 18 18 13 
Informative genes found 14 15 13 
# of SNPs associated with shedding /tissue colonization ** 2 5* 8 
* SNP #2 for CCT7 was found previously (Uthe et al. 2009) and is not counted in this list. 
* *SNPs in the ACP2 and AMT genes were associated in two populations.  
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Table 3. Genotyping analysis using the 3 porcine populations 
 
# The ITC sequence comes from annexdb.org database.  SNP was analyzed previously; * Statistically significant, with q≤0.2 
 
SNP 
 
Nomenclature 
NADC-40 population, n=40 Field population, n=109 Compton population, n=228 
Allele 
frequency % 
% pigs 
geno-
typed 
Fecal 
counts  
p-value 
ICLN 
counts  
p-value 
Allele 
frequency% 
% pigs 
geno-
typed 
Shedding 
status 
p-value 
Allele 
frequency% 
% pigs 
geno-
typed 
Spleen 
counts 
p-value 
Liver 
counts 
p-value 
ACP2 #1 ITC.59388.1004:c.195G>C # G-36; C-64 93 0.359 0.933 G-22, C-78 91 0.189 G-25, C-75 89 0.011* 0.093* 
ACP2 #2 
ITC.59388.1004:c.618T>A 
(P11117:Glu187Asp) 
T-26, A-75 100 0.565 1.000 T-26, A-74 94 0.139 T-18, A-82 99 0.024* 0.134 
ACP2 #3 ITC.59388.1004:c.644G>A A-40; G-60 90 0.481 0.872 A-31, G-69 88 0.179 A-29, G-71 83 0.022* 0.079* 
ACP2 #1+2+3 - - 0.484 0.975 - - 0.031* - - 0.013* 0.089* 
AMT TC265929:c.1596A>G G-31; A-69 100 0.005* 0.115 G-24, A-76 100 0.387 G-21, A-79 100 0.054* 0.454 
BM88 NM_213866.1:c.963C>T T-9; C-91 93 Not anal. Not anal. T-10, C-90 96 Not anal. T-1, C-99 100 Not anal. Not anal. 
CCR1 NM_001001621.1:c.2878G>A A-44; G-56 100   G-49, A-51 99 0.400 G-42, A-58 100 0.139 0.021* 
CCT7 #2 NM_001170522:c.1026G>A A-25; G-75    A-30, G-70 98 0.586 A-10, G-90 99 Not anal. Not anal. 
CCT7 #3 NM_001170522:c.1520C>T C-29; T-71 100 0.877 0.996 T-30, C-70 95 0.088* T-4, C-96 100 Not anal. Not anal. 
CCT7 #2+3 - - 0.751 0.414 - - 0.065*  - - - 
CD163 #2 NM_213976.1:c.2685C>A C-75; A-25 93 0.308 0.611 C-85; A-15 93 0.291 C-82; A-18 94 0.002* 0.014* 
CD163 #3 NM_213976.1:c.3066T>C C-26; T-74 100   C-26, T-74 98 0.126 C-15, T-85 99 0.193 0.047* 
CD163 #2+3   Not anal. Not anal.   0.262   0.017* 0.038* 
CDC123 TC242709:c.654G>A A-24; G-76 100 0.546 0.999 A-27, G-73 98 0.915 A-40, G-60 99 0.432 0.627 
CD47/IAP NM_213982.1:c.2581G>A A-10, G-90 90   A-9, G-91 29 Not anal. A-48, G-52 100 0.901 0.871 
EMP1 
NM_001099940.1:c.388G>A 
(P:Ala130Thr) 
A-15; G-85 98 0.347 0.002* A-17, G-83 98 0.833 A-0, G-100 99 Not anal. Not anal. 
GNG10 TC251588:c.659A>C C-21; A-79 85 0.875 0.679 C-24, A-76 83 0.997 C-36, A-64 96 0.119 0.184 
GNG3 TC260074:c.619T>C C-9; T-91 98 Not anal. Not anal. C-35, T-65 98 0.070* C-15, T-85 99 0.992 0.834 
GSTA3 #3 TC238734:c.621T>C C-13; T-88 50 Not anal. Not anal. C-7, T-93 50 Not anal. C-23, T-77 93 0.211 0.936 
LCP1 #1 XM_001929138.1:c.644T>C C-15; T-85 100   C-17, T-83 80 0.890 C-0, T-100 98 Not anal. Not anal. 
MGP #2 NM_214116.1:c.317C>T T-0; C-100 60 Not anal. Not anal. T-3, C-97 67 Not anal. T-2, C-98 43 Not anal. Not anal. 
NCF2 #1 NM_001123142.1:c.1419C>T T-24; C-76 100   T-25, C-75 99 0.023* T-32, C-68 99 0.662 0.662 
PDXK #1 NM_213943.1:c.63C>T T-8; C-92 95 Not anal. Not anal. T-10, C-90 95 Not anal. T-7, C-93 78 Not anal. Not anal. 
TAP1 #2 NM_001044581.1:c.448A>G A-14; G-86 100 0.215 0.097 A-28, G-72 96 0.027* G-35, A-65 78 0.613 0.683 
TLR4 #4 NM_001113039.1:c.617T>A A-40; T-60 100 0.356 0.067 A-13, T-84 100 Not anal. A-0, T-100 98 Not anal. Not anal. 
TLR4 #6 NM_001113039.1:c.968G>A A-41; G-59 100 0.436 0.065 A-20, G-80 95 0.823 A-0, G-100 99 Not anal. Not anal. 
TYROBP NM_214202.1:c.232C>T C-59; T-41 100   C-70; T-30 95 0.998 C-65; T-35 99 0.113 0.112 
VCL NM_213934.1:c.21A>G G-34; A-66 85 0.697 0.456 G-47, A-53 90 0.059* G-11, A-89 85 Not anal. Not anal. 
VCP #3 NM_214280.1:c.1318G>A A-31; G-69 100   A-32, G-68 99 0.842 A-25, G-75 99 0.659 0.258 
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Figure legends: 
Fig. 1. Selection of gene lists for the SNP analysis.  Circled in red are gene lists that were 
used for putative SNP search. SC and ST abbreviate Salmonella Choleraesuis and Salmonella 
Typhimurium respectively.  
 
Fig 2. Association of AMT with Salmonella fecal shedding in the NADC population, 
p=0.005, q=0.095. Number below the genotype indicates the number of pigs with that 
genotype in the population. Y-axis indicates LS means of natural log transformed Salmonella 
counts+1. 
 
Fig. 3. Association of SNPs with Salmonella fecal shedding in the field population.  Number 
of pigs having the particular genotype is indicated on the bar graphs. Y-axis represents the 
fitted probability of positive fecal shedding (see Methods). 
 
Fig. 4. Association of combined SNPs in ACP2 and CCT7 genes with Salmonella fecal 
shedding in field population. Number of pigs having the particular genotype is indicated on 
the bar graphs. Genotype i.e. CCTAAG means SNP #1 C/C + SNP#2 T/A + SNP#3 A/G. Y-
axis represents the fitted probability of positive fecal shedding (see Methods). 
 
Fig. 5. Association of EMP1 with Salmonella load in ICLN in the NADC-40 pigs population, 
p=0.002, q=0.04.  Number of pigs having the particular genotype is indicated on the bar 
graphs. Y-axis represents the fitted probability of positive ICLN. 
 
Fig. 6. Association of SNPs in the ACP2 gene with spleen Salmonella load in IAH-Compton 
population (ACP2 SNP #1, p=0.011, q=0.035; SNP #2, p=0.024, q=0.035; SNP #3, p=0.022, 
q=0.035; and combined SNP #1+2+3, p=0.013, q=0.138).  Number of pigs having the 
particular genotype is indicated on the bar graphs. Genotype i.e. CCAAAG means SNP #1 
C/C + SNP#2 A/A + SNP#3 A/G.  Y-axis indicates LS mean of log10 of Salmonella counts. 
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Fig. 7. Association of SNPs in the CD163 (SNP #2 (liver: p=0.047, q=0.13) and SNP #3 
(liver: p=0.014, q=0.11; spleen: p=0.002, q=0.018) and CCR1 (p=0.021, q=0.11) genes with 
spleen and liver Salmonella colonization in the IAH-Compton population.  Number of pigs 
with the particular genotype is indicated on the bar graphs. Y-axis indicates LS mean of log10 
of Salmonella counts.  
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Figures: 
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Summary 
 Asymptomatic Salmonella-carrier pigs present a major problem in pre-harvest food 
safety, with a recent survey indicating >50% of swine herds in the U.S. have Salmonella-
positive animals.  Salmonella-carrier pigs serve as a reservoir for contamination of 
neighboring pigs, abattoir pens and pork products. In addition, fresh produce as well as water 
can be contaminated with Salmonella from manure used as fertilizer.  Control of Salmonella 
at the farm level could be through genetic improvement of porcine disease resistance, a 
potentially powerful method of addressing pre-harvest pork safety.  In this research, we 
integrate gene expression profiling data and sequence alignment-based prediction of single 
nucleotide polymorphisms (SNPs) to successfully identify SNPs in functional candidate 
genes to test for associations with swine response to Salmonella.  A list of 2,527 genes that 
were differentially regulated in porcine whole blood in response to infection with Salmonella 
enterica serovar Typhimurium were selected.  In those genes, SNPs were predicted using 
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ANEXdb alignments based on stringent clustering of all publically available porcine cDNA 
and EST sequences.  A set of 30 mostly nonsynonymous SNPs was selected for genotype 
analysis of four independent populations (n=750) with Salmonella fecal shedding or tissue 
colonization phenotypes.  Nine SNPs segregated with minor allele frequency (MAF) ≥ 15% 
in at least two populations.  Statistical analysis revealed SNPs associated with Salmonella 
shedding, such as haptoglobin (HP, p=0.001, q=0.01), neutrophil cytosolic factor 2 (NCF2 
#2, p=0.04, q=0.21) and phosphogluconate dehydrogenase (PGD, p=0.066, q=0.21). These 
associations may be useful in identifying and selecting pigs with improved resistance to this 
bacterium.  
    
Introduction 
 Salmonella enterica is one of the major causes of human food-borne gastroenteritis 
with an estimated 1.4 million cases and about 500 deaths in the U.S. annually (Mead et al. 
1999).  Pork is estimated to be one of the top five foods causing non-typhoid Salmonella 
illnesses in humans (Hoffmann et al. 2007).  The U.S. Food Safety Inspection Service 
indicated that about 7% of market hog carcasses sampled between 1998 and 2000 contained 
Salmonella (Rigney et al. 2004).  Furthermore, a survey performed by the Collaboration of 
Animal Health and Food Safety Epidemiology showed in 2005 that ~58% of pig farm sites 
sampled in 5 states of the U.S. were positive for Salmonella (CAHFSE, 2005).  Most 
recently, a study conducted on 24 hog-farms in Iowa during 2006-2009 found that 71.4 % of 
farms had at least one Salmonella positive fecal sample (Wang et al. 2010).  Salmonella-
colonized pigs are usually asymptomatic carriers of the bacterium and can shed Salmonella 
upon exposure to stress, thereby contaminating their pen-mates, shipping equipment, and 
lairage or holding pens of the abattoirs (Hurd et al. 2001; Boyen et al. 2008).  Salmonella-
contamination of the food chain extends beyond just contaminated meat and processed pork 
products.  Fresh produce can be contaminated by using manure as fertilizer from farms with 
Salmonella-carrier swine (Guan and Holley 2003; Hoffmann et al. 2007). Thus, reduction of 
on-farm Salmonella prevalence is an essential step to improve pre-harvest food safety. 
Genetic improvement of disease resistance in animals is a potentially effective and 
sustainable method for addressing pre-harvest food safety issues.  Genetic control of the 
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porcine immune response to pathogens has been previously reported (Sellwood 1979; 
Rothschild et al. 1984; Meijerink et al. 2000; Gibson and Bishop 2005; Galina-Pantoja et al. 
2006; Petry et al. 2007; Clapperton et al. 2009; Reiner et al. 2007, 2010).  Differences in 
swine immune response have been found in porcine lines of high (HIR) and low immune 
response (LIR) created by selection based on antibody and cellular assays (Mallard et al. 
1992).  In general, HIR line animals demonstrated improved immune functions; however 
they also developed autoimmune issues (Mallard et al. 1992; Wilkie and Mallard 1999; 
Crawley et al. 2005).  Several quantitative trail loci (QTL) related with immune response 
have been described in swine.  Those include QTL for humoral as well as stress-induced 
innate immune response, leukocyte counts, cytokine concentration, mitogen-induced 
proliferation and levels of pre-vaccination antibody to Esherichia coli (Edfors-Lilja et al. 
1998; 2000; Reiner et al. 2008; Wimmers et al. 2009; Lu et al. 2010).  Furthermore, several 
specific regions in different porcine chromosomes have been associated with S. Choleraesuis 
burden in spleen and liver at seven days post experimental inoculation (Galina-Pantoja et al. 
2009).  It has also been suggested that several immune traits including levels of acute phase 
protein alpha-1, acid glycoprotein (AGP) and subset CD11R1+ of peripheral blood 
mononuclear leukocytes can predict health status of swine (Clapperton et al. 2009).  Even 
though these reports show that immune response in pigs is genetically controlled, few 
specific genetic variants underlying variation in porcine immune response to Salmonella 
have been identified.  In this research, we aimed to identify genetic polymorphisms in genes 
that are differentially regulated in pigs that persistently shed the bacteria versus low-shedding 
pigs, as such polymorphisms can be useful in predicting the effectiveness of immune 
responses.  Sequence clustering and alignments were performed on all publicly available 
porcine cDNA sequences (Couture et al. 2009) to predict SNPs in the candidate genes 
selected from pig transcriptomic response data.  Using a set of the most promising SNPs 
identified, 750 pigs from four different populations were genotyped and association of SNPs 
with Salmonella shedding or tissue colonization-related traits was identified.  
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Materials and Methods 
Porcine populations 
The four porcine populations with qualitative or quantitative Salmonella shedding or tissue 
colonization phenotypes that were used in this study are as follows:    
 Field population.  A recent survey of Salmonella incidence in swine farms in Iowa, 
USA resulted in the collection of tissues and Salmonella fecal shedding data for >7,000 
animals (Wang et al. 2010).  Fecal samples were collected on the farm seven days before 
transport and marketing and were tested for Salmonella presence as described below.  From 
this population we obtained tissue samples and isolated genomic DNA from 168 fecal 
positive pigs and 237 fecal negative control pigs. These controls were selected from the 
cohort of animals collected on that farm/day where a positive case was found; where possible 
we used a sample that had been collected near where the fecal positive sample was collected. 
For genotyping, we used these 405 field population pigs. 
 IAH-Compton population. This experimental challenge population contains a total 
of 228 pigs from four specific sire families of commercial pigs as described (van Diemen et 
al. 2002).  Briefly, first generation offspring from 2 boars that were potentially susceptible 
and resistant as well as 2 unknown boars were experimentally infected with Salmonella 
enterica serovar Choleraesuis (S. Choleraesuis) followed by enumeration of the bacteria in 
liver and spleen 7 days post infection.  The phenotypic data and DNA samples from this 
population were a gift from Pig Improvement Company (PIC).  Even though the entire 228-
pigs population was genotyped, only offspring (a total of 163 pigs) were used for statistical 
association analysis.  
 NADC (National Animal Disease Center)-40 population. This experimental 
challenge population contains 40 mixed breed pigs that were experimentally inoculated with 
Salmonella enterica serovar Typhimurium (S. Typhimurium); details on this experiment 
were reported by Uthe et al (2009).  Briefly, at days 2, 7, 14 and 20 post inoculation (pi), 
quantitative Salmonella fecal shedding data was collected.  At day 21 pi, ileo-cecal lymph 
nodes were collected, and Salmonella presence in this tissue was determined as described by 
Uthe et al. (2009). 
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 NADC-77 population.  Seventy-seven mixed breed pigs in this population were 
intranasally challenged at seven weeks of age with 1 x 10
9
 colony forming units (cfu) of S. 
Typhimurium χ4232 as previously described by Uthe et al. (2009).  At days 1, 2, 7, 14 and 21 
pi Salmonella fecal shedding was quantified.  
 All procedures involving animals in the NADC-40 and NADC-77 populations were 
lawful and approved by the USDA, ARS, NADC Animal Care and Use Committee. 
 
Sample collection, Salmonella bacteriology and DNA isolation 
 For the field population, individual fecal samples (20-30 grams) were collected into 
labeled plastic bags at the same time as animals were tattooed.  Matched belly flap samples 
were collected at the abattoir from dressed carcasses using a unique slap tattoo number. Belly 
flap samples were placed in plastic bags and frozen for later DNA preparation.  To identify 
pigs shedding Salmonella, qualitative bacteriology was performed as follows: 10 gram 
samples of swine feces were assayed in duplicates using Salmonella enrichment and selective 
media as previously described (Wang et al. 2010).  Positive isolates were confirmed by 
serogroup antiserum agglutination assays.  
 To isolate DNA from belly flaps (field population) and liver tissues (NADC-40 
population), about 20 mg of tissues samples were digested with proteinase K (Invitrogen, 
Carlsbad, CA).  DNA from tissue lysates was extracted using Wizard SV genomic DNA 
purification system (Promega, Madison, WI) according to the manufacturer’s protocol.  For 
the NADC-77 population, DNA was isolated from the pigs’ whole blood preserved in Pax-
tubes (PreAnalytiX, Qiagen, Valencia, CA) using the DNeasy Blood and tissue kit (Qiagen, 
Valencia, CA) according to the manufacturers instructions.  DNA was quantified by 
Nanodrop (Thermo Scientific, Wilmington, DE) and DNA quality was checked by 
A260/A280 ratios and agarose gel electrophoresis.  
 
Selection of functional candidate genes and prediction of putative SNPs  
 As candidates for SNP analysis, genes were selected that our Affymetrix microarray 
data indicated were differentially expressed in porcine whole blood two days after 
inoculation with Salmonella enterica serovar Typhimurium (Huang et al., submitted 
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manuscript).  Based on the analysis of fecal shedding, two classes of pigs were identified in 
this experimental S. Typhimurium challenge using the NADC-40 population: low shedder 
pigs stopped shedding the bacteria after day 7 of the experiment and high shedder pigs 
continued shedding the bacteria until the end of the 21 day study (Uthe et al. 2009).  Genes 
that were differentially regulated between the two shedding classes with q<0.1 and fold 
change ≥1.5 were selected for prediction of SNPs using the ANEXdb database 
(www.anexdb.org; Couture et al. 2009).  Predicted SNPs in ANEXdb are created from a 
stringent clustering of similar sequences (using TGICL) and alignment (using CAP3) of all 
available porcine cDNA sequences submitted to NCBI by February 2009 (see Couture et al 
2009).  Briefly, the assembly was designed to separate close gene family members as well as 
alternative splicing by first requiring at most 30 bp unmatched overhangs with at least 30 bp 
overlapping (being automatically adjusted for long sequences), having at least 94% identity 
in the overlapping area.  Large clusters were then re-clustered by using full-length clones, 
which increases the stringency of the program, needing an almost perfect match without 
overhangs (Pertea et al. 2003).  CAP3 was used on each cluster individually (Huang and 
Madan 1999).  To extract the SNPs for the sequences of interest, the target sequence for the 
porcine Affymetrix probe sets was used with BLAST to find the highest scoring match 
between the Affymetrix target sequence and the AnexDB consensus sequence.  The SNPs in 
the ANEXdb were predicted by comparing the base at each location on the consensus 
sequence to all available cDNA sequences that overlapped that particular base.  If there was a 
base difference at that location, the estimated frequency of the SNP was calculated by the 
number of sequences with that SNP compared to the total number of sequences that 
overlapped that particular location.  In addition to the frequency, the total number of 
sequences with and without the SNP were also recorded and stored in the database.  To select 
a SNP for further analysis, a minimum of three counts of the minor allele that was different 
from the allele on the consensus sequence reported by the database was required.     
   
DNA genotyping 
 DNA genotyping was performed using MassARRAY technology (MassARRAY 
Compact System, Sequenom Inc., San Diego, CA).  Selection of SNPs for multiplex reaction, 
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primer design (Supplementary table 1) and genotyping was performed using the iPLEX 
reagent kit and the Sequenom Typer 3.1 software according to the manufacturer’s 
instructions (Sequenom, http://www.sequenom.com).  Assays that had a minimum of 80% of 
genotyping calls and minor allele frequency (MAF) of at least 15% in at least one of the four 
populations were subsequently statistically analyzed.  Markers such as NCF1#2 and 
DDRGK1 that were insufficiently genotyped in Sequenom analysis were completely 
genotyped using tetra primer ARMS (amplification refractory mutation system)-PCR 
technology, with primers designed using software at 
http://cedar.genetics.soton.ac.uk/public_html/primer1.html (Ye et al. 2001). PCR reactions 
containing 30 ng of DNA template, 10 pmol of each inner primer and 1 pmol of each outer 
primer were prepared in 10 μl volume using GoTaq Hot Start Green Master Mix (Promega, 
Madison, WI).  Touch down PCR conditions were as follows: 2 min at 95°C followed by 35 
cycles of 1 min at 95°C, 1 min at 75°C for the first cycle, decreasing by 1°C each cycle until 
the temperature of 60°C was reached and continuing at that annealing temperature for the rest 
of the cycles; then 1 min at 72°C and final extension 10 min at 72°C.  PCR products were 
detected by agarose gel electrophoresis (Table 1).   
 
Statistical analysis 
 Statistical association analysis of genotype and Salmonella shedding and / or tissue 
colonization phenotype was performed in the statistical computing environment R, with all 
code available upon request.   
NADC-40, NADC-77 and the Compton populations: Because of small sample sizes 
and/or non-normal distributions, permutation-based hypothesis testing was used to assess the 
significance of the association of each SNP with each phenotype in each population 
separately. Within each population, the test statistic used for permutation testing was 
carefully chosen based on the nature of the phenotype and the structure of block factors 
unique to each population, as described in the subsections below.  Regardless of the test 
statistic selected, permutation testing was carried out for each population, phenotype, and 
SNP as follows. First, the test statistic was computed for the original data. Then SNP 
genotypes were randomly shuffled 19,999 times within the levels of the available block 
  
90 
factor(s).  The test statistic then was recomputed for each of these 19,999 data sets. The 
resulting 20,000 test statistics provided a reference distribution under the null hypothesis of 
no association. A permutation p-value was computed as the proportion of these 20,000 
statistics that were as extreme as or more extreme than the statistic observed for the original 
data. 
 Details specific to each population are as follows: 
 IAH-Compton population:  Two log transformed count traits – spleen counts (splC) 
and liver counts (livC) – were analyzed separately for each SNP. Each combination of group, 
sire, and dam was treated as a distinct level of a block factor. The test statistic was chosen to 
be the weighted average of the within-SNP-genotype pair-wise Euclidean distances, with 
weights being within-SNP-genotype sample size (see the MRPP statistic proposed by Mielke 
and Berry, 2007). 
 NADC-40 population:  The phenotypes for this population included a univariate 
binary ileo-cecal lymph node (ICLN) trait and a 4-dimensional (4 time points pi) shedding 
count trait.  Sow was the only block factor.  For the binary ileo-cecal lymph node (ICLN) 
trait, a logistic regression model was used with block factor and SNP as a fixed factor of 
interest. The asymptotic p-value for testing for a SNP effect was computed as described for 
the field population. However, because the sample size was too small for the asymptotic 
approximation to work well, the asymptotic p-value was used as the test statistic in the 
permutation test to provide a finite sample exact p-value.  
 The 4-dimensional shedding count trait was transformed by taking natural logarithms 
after adding one to each count to avoid infinite logarithms. The test statistic for this 4-
dimensional log transformed trait was the MRPP statistic as in the IAH-Compton population, 
except that the Euclidean distance was computed in the 4-dimensional space.  
  NADC-77 population:  The phenotype for this population was a 5-dimensional (5 
time points pi) shedding count trait. The test statistic for this 5-dimensional trait was the 
MRPP statistic as in the IAH-Compton population, except that the Euclidean distance was 
computed in the 5-dimensional space. 
Field population: The binary Salmonella shedding status trait was used as the 
response variable. A logistic regression model was used, with farm-and-visit combination as 
  
91 
a block factor and SNP as a fixed factor of interest. Due to complete separation of the binary 
trait with either block or the SNP of interest, not all maximum likelihood estimates of 
parameters were finite. Hence, Firth's penalized likelihood method was used for parameter 
estimation (Firth, 1993). The modified (Rao's) score statistic was computed for the SNP of 
interest, based on Firth's modified score equation (Heinze and Schemper 2002). Because the 
number of explanatory variables was very large, the asymptotic p-value was then computed 
from the score statistic based on a Chi-square distribution with degrees of freedom equal to 
the number of SNP levels minus one.  
Error control for multiple tests: Due to multiple hypothesis tests performed in the 
analyses, we controlled SNP false discovery rates (FDR) from the set of p-values for each 
trait in each population separately, using a procedure similar to Storey and Tibshirani (2003).  
The default smoother method used by Storey and Tibshirani (2003) was not stable because 
we had only dozens of p-values. Thus, we chose to set the lambda parameter discussed by 
Storey and Tibshirani (2003) to be the observed p-value such that the difference between the 
p-value itself and the empirical distribution function evaluated at this p-value was maximum.  
When the number of p-values is large, this modification results in more conservative FDR 
control, i.e., it controls FDR by providing a wider safety margin.  Note that this FDR 
estimator also provides a natural estimate of the proportion of false positives (PFP) 
(Fernando et al. 2004).  Hence even though the multiple testing procedure was applied to 
each phenotype-by-population combination separately, the procedure also provides a 
reasonable estimate of PFP when all hypotheses in the current study are considered together. 
 
Results 
Selection of functional candidate genes for SNP analysis 
 Global gene expression profiling of pigs persistently shedding S. Typhimurium versus 
low shedder pigs identified 2,527 annotated differentially regulated genes (q<0.1, fold 
change in response to infection ≥ 1.5; Fig. 1). Analysis of these genes by the ANEXdb 
database (www.anexdb.org; Couture et al. 2009) identified 4,346 SNPs in 330 differentially 
expressed genes that included up-regulated as well as down-regulated genes in the persistent-
shedder and low-shedder categories (Fig. 1). To focus on the SNPs most likely to affect 
  
92 
protein function, only SNPs located within a predicted open reading frame (ORF) were 
selected, resulting in 1,236 SNPs in 167 genes.  Further, polymorphisms causing a non-
synonymous amino acid substitution were chosen, resulting in 65 SNPs in 57 genes.  In 
addition, another 11 SNPs were identified within these differentially expressed genes from 
predictions in PEDE, a database of cDNA sequences from Western and Chinese breeds 
(Uenishi et al. 2007), or the comprehensive DFCI Pig Gene Index 
(http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=pig).   
 
Genotyping and association analysis of SNPs in functionally relevant genes  
 Based on the gene selection criteria described above, we identified a set of 76 SNPs 
in 66 genes, and 30 SNPs in 27 genes were able to be multiplexed for genotyping by 
Sequenom software.   Tetra-ARMS PCR manual genotyping was employed to complete 
genotyping where less than 80% of alleles were typed by Sequenom; final genotyping data 
were obtained for 28 SNPs.  Thirteen SNPs in 12 genes segregated in the populations tested, 
another 13 SNPs were monomorphic and 2 SNPs came from a misalignment of 2 closely 
related genes and were removed from further analysis.  Of these segregating SNPs, nine were 
predicted by ANEXdb alignments (of 21 predictions tested), while two were predicted from 
PEDE alignments (of 5 predictions tested), and two from DFCI alignments (of two 
predictions tested).  Thus, this paper reports the analysis results of 13 segregating SNPs in 12 
genes.  With MAF of 15% or greater, eleven SNPs in ten genes segregated in at least one of 
the four populations; while nine SNPs in eight genes segregated in two or more populations 
(Table 2).   
 Statistical analysis assessed associations of the SNPs with Salmonella shedding or 
tissue colonization phenotypes (Table 3).  In the field population, a SNP in the haptoglobin 
(HP) gene was associated (p=0.001, estimated FDR or q=0.01) with Salmonella shedding 
status (Fig. 2). In the NADC-77 population, SNP #2 in the NCF2 (neutrophil cytosolic factor 
2) gene was potentially associated (p=0.04, q=0.21) with quantitative fecal bacterial shedding 
over the time course of infection (Fig. 3). A SNP in the PGD (phosphogluconate 
dehydrogenase) gene also showed suggestive evidence of association (p=0.07. q=0.21) with 
bacterial shedding in the NADC-77 population (data not shown).   
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Discussion 
 Field and experimental data indicate that some pigs colonized with Salmonella 
become chronic carriers, while others can clear the bacteria (Hurd et al. 2001).  However, the 
underlying causes for such differences in response to Salmonella at the genetic level are not 
known.  Recent work has characterized the porcine transcriptional response to Salmonella 
(Wang et al. 2007; 2008) and has demonstrated that differences among swine in their 
phenotypic response to this bacterium can be detected at the gene expression level (Huang et 
al, submitted manuscript).  We successfully used this novel global gene expression 
information to select genes that may contribute to host control of Salmonella, identified 
polymorphisms in those genes using our expressed sequence database, and analyzed these 
variants for their association with Salmonella-related traits in four porcine populations.  An 
essential part of genetic association analysis is creating natural or experimental challenge 
populations with appropriate phenotypic records, which in large food animals is a very 
difficult process, involving substantial expense and logistic work.  In this research, we were 
able to use samples and phenotypic data from the largest published experimental Salmonella 
challenge population in pigs, the IAH-Compton population (van Diemen et al. 2002).  Also, 
we created two additional experimental challenge populations, NADC-40 and NADC-77.  
Furthermore, by sampling pigs from 24 farms across Iowa we created a unique dataset 
representing naturally occurring Salmonella colonization status in pigs.  Thus, in total for 
genotyping and association analysis, we used 750 pigs from four populations with a variety 
of Salmonella exposures including S. Typhimurium (NADC-40, NADC-77), S. Choleraesuis 
(IAH-Compton) and mixed Salmonella spp. (field population).   
 For prediction and high-throughput extraction of putative and SNPs in differentially 
expressed genes we used ANEXdb, a new database with the most recent and largest number 
of porcine consensus sequences and predicted SNPs, which were created from all publicly 
available ESTs (Couture et al. 2009).. Although genome-wide high throughput genotyping 
technologies are available to type large numbers of SNPs, we chose to assess association of a 
highly refined list of candidate genes.  Due to the relatively small number of animals, 
genome-wide genotyping would not have provided enough power for association analysis. 
By selecting a relatively small number of putative SNPs with a minor allele incidence of 
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three or greater and without any preliminary genotyping, we were able to confirm 
segregation of 43% of ANEXdb predicted SNPs and 40% of the PEDE predicted SNPs in our 
populations.  Many of the predicted SNPs in the ANEXdb database are derived from 
sequence data of a broad population of pig breeds, including diverse non-commercial breeds 
such as Chinese Meishan and European wild boar which we did not survey in our 
populations with Salmonella colonization phenotypes. Thus, our data validates the usefulness 
of ANEXdb-predicted SNPs tested at a minor allele incidence level of n=3. In addition, 
ANEXdb was useful in confirming SNP predictions in differentially regulated porcine genes 
that had no annotation at NCBI.  In this study we provide evidences for three associations out 
of 13 segregating SNPs, however we did not identify SNPs with association across 
populations.  Due to the different phenotypes measured across populations, associations to a 
specific phenotype may be difficult to detect in multiple populations.    
 The segregating SNPs in this study belonged to genes from several differential 
expression categories, as targeted by the gene selection process.  In particular, 
polymorphisms were identified in genes that were up-regulated in persistent-shedders as well 
as low-shedders (HP, NCF1, SULT1A1, PGD and SERPINB1); up-regulated only in 
persistent shedders with no change in expression in low-shedders (GLS2, DDRGK1, RNH1); 
and up-regulated in low-shedders but down-regulated in persistent shedders (ELF3, HLA-A, 
ITIH1).  The SNPs associating with Salmonella shedding or tissue colonization were in genes 
involved in a variety of cellular functions from immunity to metabolism.  The Haptoglobin 
(HP) gene has a SNP associated with Salmonella shedding status in the field population, and 
encodes a multifunctional acute phase protein involved in hemoglobin metabolism and 
inflammation (Levy et al. 2010).  Expression of HP is induced upon different inflammatory 
stimuli, preventing loss of iron, protecting cells from oxidative damage; stimulating T-cell 
responses and development of adaptive immunity (Huntoon et al. 2008; Sadrzadeh and 
Bozorgmehr 2004).  In addition, HP is one of the genes that are non-tolerized by iterated 
lipopolysaccharide (LPS) stimulation (Foster et al. 2007).  Repeated treatment of a murine 
macrophage cell line with LPS did not repress but instead further induced expression of HP, 
indicating that this gene can directly contribute to anti-bacterial defense function of the host.  
In calves, levels of serum HP were correlated with diarrhea, morbidity and rectal 
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temperatures after mixed infection with S. Dublin, S. Enteriditis and S. Heidelberg (Deignan 
et al. 2000).  Swine levels of serum HP serve as a marker of clinical or sub-clinical disease 
status and correlate with age and weight gain (Chung et al. 2008).  Differences in HP mRNA 
expression in whole blood were found at two days post-inoculation with S. Typhimurium, 
with about 2 and 1.3 fold induction in low-shedder and persistent-shedder pigs, respectively 
(Huang et al, submitted manuscript).  Other polymorphisms in the porcine HP sequence have 
been identified by other researchers and were associated with HP baseline serum levels 
(Diack et al. 2008) as well as serum concentration of complement factor 3c, following 
immunization against Mycoplasma hyopneumoniae, Aujeszky’s disease and porcine 
reproductive and respiratory syndrome virus (Wimmers et al. 2009).  We report a SNP at 
position 471 of HP sequence NM_214000.1, with pigs of C/C genotype having the highest 
probability of being Salmonella-shedders compared to C/T and T/T pigs (Fig 2).   
 A SNP (TC222915:c1108G>A) in neutrophil cytosolic factor 2 (NCF2), was 
potentially associated with Salmonella shedding over the time course of infection in the 
NADC-77 population.  The NCF2 gene encodes a cytosolic subunit of neutrophil NADPH 
(nicotinamide adenine dinucleotide phosphate) oxidase, the enzyme for production of 
superoxide anions exerting microbicidal effect in the neutrophil phagosomes (Ammons et al. 
2007).  Oxidative burst capacity of neutrophils has been shown to be involved in swine and 
mice resistance to Salmonella (van Diemen et al. 2002; Sancho-Shimizu and Malo 2006), 
suggesting an involvement of NCF2 in this process.  Our research indicates that pigs with the 
G/G genotype at NCF2 TC222915:c1108G>A have significantly reduced numbers of the 
bacterium in feces at 1 and 2 days post inoculation with S. Typhimurium.  
A SNP in the PGD gene, which causes an amino acid substitution from histidine to 
arginine at position 214, was marginally associated with Salmonella shedding in the NADC-
77 population.  The enzyme PGD or phosphogluconate dehydrogenase catalyzes the 
oxidation of glucose-6-phosphate to 6-phosphogluconolactone, the first step in the pentose 
phosphate pathway resulting in production of pentose sugars and NADPH involved in 
respiratory burst of neutrophils and macrophages (Mason et al. 2007; Alvarez et al. 2001; 
Kumar et al. 1991).  The activity of NADPH is well known to be involved in host response to 
Salmonella (Vazquez-Torres and Fang 2001; Mastroeni 2002; van Diemen et al. 2002), 
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suggesting an involvement of PGD in the swine response to this bacterium.  Our microarray 
analysis revealed that expression of PGD was induced 5 fold (q=0.001) in blood of 
persistent-shedder pigs and 2 fold (q=0.1) in low-shedder pigs (Huang et al, submitted 
manuscript).  Pigs with homozygous G/G genotype of the SNP in PDG had fewer bacteria at 
day 1 post inoculation and to note, all seven pigs with G/G genotype fell within the low-
shedder category.   
 This research demonstrates a novel approach in selection of candidate genes for 
association analyses of genetic polymorphisms by integrating gene expression profiling data 
and bioinformatic analysis tools.  We also recognize that there are genes that could control 
swine resistance to Salmonella that are not differentially expressed in response to this 
bacterium, and that our selection method would not find such genes. In our SNP selection, 
we specifically targeted non-synonymous SNPs in the genes differentially regulated between 
pigs belonging to different fecal shedding classes.  For the first time, we have associated 
specific SNPs in the HP and NCF2 genes, and provided suggestive evidence for association 
of PGD with Salmonella shedding in pigs.  These associated SNPs can now be evaluated as 
potential candidates for selection of pigs with improved ability to control Salmonella and 
shed fewer bacteria.  Validation of these associated markers will need to be performed as 
additional and larger populations with Salmonella-related phenotypes are developed.  
 
Acknowledgements 
NPB grant #07-062 has funded the creation of the field pig’s DNA bank; the collection of the 
tissues and all Salmonella incidence data was funded by the USDA-NRI under a grant to A. 
O’Connor, H. S. Hurd and J. McKean; USDA-CSREES Grant 2005-35212-15929.  NPB 
grant #05-176 funded the NADC-40 pig experiment; NPB grant #08-034 funded genotyping 
and completion of field population collections.  USDA grant #2009-35205-05192 funded the 
NADC-77 pigs experiment. The phenotypic data and DNA samples for IAH-Compton 
population were a gift from Pig Improvement Company. We thank Katherine Steffensmeier 
and Stephen Robinson for isolation of genomic DNA from the field population. 
 
 
  
97 
References 
Alvarez E, Ruiz-Gutiérrez V, Sobrino F, Santa-María C (2001) Age-related changes in 
membrane lipid composition, fluidity and respiratory burst in rat peritoneal 
neutrophils. Clin Exp Immunol 124:95-102. 
Ammons MCB, Siemsen DW, Nelson-Overton LK, Quinn MT, Gauss KA (2007) Binding of 
Pleomorphic Adenoma Gene-like 2 to the Tumor Necrosis Factor (TNF)-α-responsive 
Region of the NCF2 Promoter Regulates p67phox Expression and NADPH Oxidase 
Activity. Journal of Biological Chemistry 282:17941-17952. 
Boyen F, Haesebrouck F, Maes D, Van Immerseel F, Ducatelle R, Pasmans F (2008) Non-
typhoidal Salmonella infections in pigs: a closer look at epidemiology, pathogenesis 
and control. Vet. Microbiol 130:1-19. 
Chung HY, Park HJ, Yoon SH, Baek MG, Kim JY, Kim MJ (2008) Detection of SNPs in 
porcine haptoglobin and apolipoprotein genes. Biochem. Genet 46:744-754. 
Clapperton M, Diack AB, Matika O, Glass EJ, Gladney CD, Mellencamp MA, Hoste A, 
Bishop SC (2009) Traits associated with innate and adaptive immunity in pigs: 
heritability and associations with performance under different health status 
conditions. Genet. Sel. Evol 41:54. 
Couture O, Callenberg K, Koul N, Pandit S, Younes R, Hu Z, Dekkers J, Reecy J, Honavar 
V, Tuggle C (2009) ANEXdb: an integrated animal ANnotation and microarray 
EXpression database. Mamm. Genome 20:768-777. 
Crawley AM, Mallard B, Wilkie BN (2005) Genetic selection for high and low immune 
response in pigs: effects on immunoglobulin isotype expression. Vet. Immunol. 
Immunopathol 108:71-76. 
Deignan T, Alwan A, Kelly J, McNair J, Warren T, O'Farrelly C (2000) Serum haptoglobin: 
an objective indicator of experimentally-induced Salmonella infection in calves. Res. 
Vet. Sci 69:153-158. 
Diack AB, Gladney CD, Mellencamp MA, Stear MJ, Eckersall PD (2008) Associations 
between polymorphisms in the porcine haptoglobin gene and baseline levels of serum 
haptoglobin. Dev Biol (Basel) 132:255-259. 
van Diemen PM, Kreukniet MB, Galina L, Bumstead N, Wallis TS (2002) Characterisation 
of a resource population of pigs screened for resistance to salmonellosis. Vet. 
Immunol. Immunopathol 88:183-196. 
Edfors-Lilja I, Wattrang E, Andersson L, Fossum C (2000) Mapping quantitative trait loci for 
stress induced alterations in porcine leukocyte numbers and functions. Anim. Genet 
31:186-193. 
Edfors-Lilja I, Wattrang E, Marklund L, Moller M, Andersson-Eklund L, Andersson L, 
Fossum C (1998) Mapping quantitative trait loci for immune capacity in the pig. J. 
Immunol 161:829-835. 
Fernando RL, Nettleton D, Southey BR, Dekkers JCM, Rothschild MF, Soller M (2004) 
Controlling the proportion of false positives in multiple dependent tests. Genetics 
  
98 
166:611-619. 
Firth D (1993). Bias Reduction of Maximum Likelihood Estimates. Biometrika. 80:27-38 
Foster SL, Hargreaves DC, Medzhitov R (2007) Gene-specific control of inflammation by 
TLR-induced chromatin modifications. Nature 447:972-978. 
Galina-Pantoja L, Mellencamp MA, Bastiaansen J, Cabrera R, Solano-Aguilar G, Lunney JK 
(2006) Relationship between immune cell phenotypes and pig growth in a 
commercial farm. Anim. Biotechnol 17:81-98. 
Galina-Pantoja L, Siggens K, van Schriek MGM, Heuven HCM (2009) Mapping markers 
linked to porcine salmonellosis susceptibility. Anim. Genet. 
Gibson JP, Bishop SC (2005) Use of molecular markers to enhance resistance of livestock to 
disease: a global approach. Rev. - Off. Int. Epizoot 24:343-353. 
Guan TY, Holley RA (2003) Pathogen survival in swine manure environments and 
transmission of human enteric illness--a review. J. Environ. Qual 32:383-392. 
Heinze G, Schemper M (2002) A solution to the problem of separation in logistic regression. 
Stat Med 21:2409-2419. 
Hoffmann S, Fischbeck P, Krupnick A, McWilliams M (2007) Using expert elicitation to 
link foodborne illnesses in the United States to foods. J. Food Prot 70:1220-1229. 
Huang X, Madan A (1999) CAP3: A DNA sequence assembly program. Genome Res 9:868-
877. 
Huntoon KM, Wang Y, Eppolito CA, Barbour KW, Berger FG, Shrikant PA, Baumann H 
(2008) The acute phase protein haptoglobin regulates host immunity. J. Leukoc. Biol 
84:170-181. 
Hurd HS, McKean JD, Wesley IV, Karriker LA (2001) The effect of lairage on Salmonella 
isolation from market swine. J. Food Prot 64:939-944. 
Kumar V, Ganguly NK, Anand IS, Wahi PL (1991) Release of oxygen free radicals by 
macrophages and neutrophils in patients with rheumatic fever. Eur. Heart J 12 Suppl 
D:163-165. 
Levy AP, Asleh R, Blum S, Levy NS, Miller-Lotan R, Kalet-Litman S, Anbinder Y, Lache 
O, Nakhoul FM, Asaf R, Farbstein D, Pollak M, Soloveichik YZ, Strauss M, Alshiek 
J, Livshits A, Schwartz A, Awad H, Jad K, Goldenstein H (2010) Haptoglobin: basic 
and clinical aspects. Antioxid. Redox Signal 12:293-304. 
Lu X, Gong YF, Liu JF, Wang ZP, Hu F, Qiu XT, Luo YR, Zhang Q (2010) Mapping 
quantitative trait loci for cytokines in the pig. Anim Genet. 
Mason PJ, Bautista JM, Gilsanz F (2007) G6PD deficiency: the genotype-phenotype 
association. Blood Rev 21:267-283. 
Mastroeni P (2002) Immunity to systemic Salmonella infections. Curr. Mol. Med 2:393-406. 
Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C, Griffin PM, Tauxe RV 
(1999) Food-related illness and death in the United States. Emerging Infect. Dis 
5:607-625. 
  
99 
Meijerink E, Neuenschwander S, Fries R, Dinter A, Bertschinger HU, Stranzinger G, Vögeli 
P (2000) A DNA polymorphism influencing alpha(1,2)fucosyltransferase activity of 
the pig FUT1 enzyme determines susceptibility of small intestinal epithelium to 
Escherichia coli F18 adhesion. Immunogenetics 52:129-136. 
Mielke P. W. and Berry K. J. (2007) Permutation methods: a distance function approach. 
New York: Springer 
Pertea G, Huang X, Liang F, Antonescu V, Sultana R, Karamycheva S, Lee Y, White J, 
Cheung F, Parvizi B, Tsai J, Quackenbush J (2003) TIGR Gene Indices clustering 
tools (TGICL): a software system for fast clustering of large EST datasets. 
Bioinformatics 19:651-652. 
Petry DB, Lunney J, Boyd P, Kuhar D, Blankenship E, Johnson RK (2007) Differential 
immunity in pigs with high and low responses to porcine reproductive and respiratory 
syndrome virus infection. J. Anim. Sci 85:2075-2092. 
Reiner G, Hepp S, Hertrampf B, Kliemt D, Mackenstedt U, Daugschies A, Zahner H (2007) 
Genetic resistance to Sarcocystis miescheriana in pigs following experimental 
infection. Vet. Parasitol 145:2-10. 
Reiner G, Fischer R, Hepp S, Berge T, Köhler F, Willems H (2008) Quantitative trait loci for 
white blood cell numbers in swine. Anim. Genet 39:163-168. 
Reiner G, Willems H, Pesch S, Ohlinger VF (2010) Variation in resistance to the porcine 
reproductive and respiratory syndrome virus (PRRSV) in Pietrain and Miniature pigs. 
J. Anim. Breed. Genet 127:100-106. 
Rigney CP, Salamone BP, Anandaraman N, Rose BE, Umholtz RL, Ferris KE, Parham DR, 
James W (2004) Salmonella serotypes in selected classes of food animal carcasses 
and raw ground products, January 1998 through December 2000. J. Am. Vet. Med. 
Assoc 224:524-530. 
Rothschild MF, Chen HL, Christian LL, Lie WR, Venier L, Cooper M, Briggs C, Warner 
CM (1984) Breed and swine lymphocyte antigen haplotype differences in 
agglutination titers following vaccination with B. bronchiseptica. J. Anim. Sci 
59:643-649. 
Sadrzadeh SMH, Bozorgmehr J (2004) Haptoglobin phenotypes in health and disorders. Am. 
J. Clin. Pathol 121 Suppl:S97-104. 
Sancho-Shimizu V, Malo D (2006) Sequencing, expression, and functional analyses support 
the candidacy of Ncf2 in susceptibility to Salmonella typhimurium infection in wild-
derived mice. J. Immunol 176:6954-6961. 
Sellwood R (1979) Escherichia coli diarrhoea in pigs with or without the K88 receptor. Vet. 
Rec 105:228-230. 
Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies. Proc. Natl. 
Acad. Sci. U.S.A 100:9440-9445. 
Uenishi H, Eguchi-Ogawa T, Shinkai H, Okumura N, Suzuki K, Toki D, Hamasima N, 
Awata T (2007) PEDE (Pig EST Data Explorer) has been expanded into Pig 
  
100 
Expression Data Explorer, including 10 147 porcine full-length cDNA sequences. 
Nucleic Acids Res 35:D650-653. 
Uthe JJ, Wang Y, Qu L, Nettleton D, Tuggle CK, Bearson SMD (2009) Correlating blood 
immune parameters and a CCT7 genetic variant with the shedding of Salmonella 
enterica serovar Typhimurium in swine. Vet. Microbiol 135:384-388. 
Vazquez-Torres A, Fang FC (2001) Salmonella evasion of the NADPH phagocyte oxidase. 
Microbes Infect 3:1313-1320. 
Wang B, Wesley IV, McKean JD, O'Connor AM (2010) Sub-Iliac Lymph Nodes at 
Slaughter Lack Ability to Predict Salmonella enterica Prevalence for Swine Farms. 
Foodborne Pathog Dis. 
Wang Y, Couture OP, Qu L, Uthe JJ, Bearson SMD, Kuhar D, Lunney JK, Nettleton D, 
Dekkers JCM, Tuggle CK (2008) Analysis of porcine transcriptional response to 
Salmonella enterica serovar Choleraesuis suggests novel targets of NFkappaB are 
activated in the mesenteric lymph node. BMC Genomics 9:437. 
Wang Y, Qu L, Uthe JJ, Bearson SMD, Kuhar D, Lunney JK, Couture OP, Nettleton D, 
Dekkers JCM, Tuggle CK (2007) Global transcriptional response of porcine 
mesenteric lymph nodes to Salmonella enterica serovar Typhimurium. Genomics 
90:72-84. 
Wilkie B, Mallard B (1999) Selection for high immune response: an alternative approach to 
animal health maintenance? Vet. Immunol. Immunopathol 72:231-235. 
Wimmers K, Murani E, Schellander K, Ponsuksili S (2009) QTL for traits related to humoral 
immune response estimated from data of a porcine F2 resource population. Int. J. 
Immunogenet 36:141-151. 
Ye S, Dhillon S, Ke X, Collins AR, Day IN (2001) An efficient procedure for genotyping 
single nucleotide polymorphisms. Nucleic Acids Res 29:E88-88. 
 
  
1
0
1
 
 
 
 
 
Table 1.  Tetra primer ARMS-PCR primers and their products.  
Gene Name and 
SNP 
Outer primers, 5’– 3’ Inner, allele specific primers, 5’– 3’ PCR products (bp) 
NCF1#2 
NM_001113220.1:c392G>A
(P:S131N) 
f: CAGGGCACCCTCAGTGAATACTGCAGCG 
r: CCGTGTTGGAATCCTGCGTCCTCTGCTT 
f: GACGACCTCAAGCTCCCCGCGGAAAG 
r: CCGACTACCCTCTCCCGCCACTCACTTGT 
G allele: 181 bp; 
A allele: 234 bp; 
Outer product: 359 bp 
DDRGK1 
AK231807:c.90G>T(P:frame
3:V5L) 
f: GCCTACATCACAACCACAGCAACGGGGG 
r: GATCATGCTCTGAGAGTCCCCGCCAGCC 
f: CTGGAAGCCACCGTCATGGTGGCTCTCT 
r: GAGCAGAGCCGCCACCACCAAATACACTAC 
T allele: 324 bp; 
G allele:  446 bp; 
Outer product: 716 bp 
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Table 2.  Segregating SNPs genotyped across the 4 porcine populations.   
 
SNP 
 
Nomenclature 
NADC-40 population, 
n=40 
NADC-77 
population, n=77 
Field population,  
n=405 
Compton population, 
n=228 
Allele 
frequency, % 
% pigs 
geno-
typed 
Allele 
frequency, % 
% pigs 
geno-
typed 
Allele 
frequency, % 
% pigs 
geno-
typed 
Allele 
frequency, 
% 
% 
pigs 
geno-
typed 
DDRGK1 AK231807:c.90G>T(P:frame3:V5L) T-26; G-74 98 T-36; G-64 100 T-24; G-76 93 T-19; G-81 91 
ELF3 AK233286.1:c.818T>C(P:frame2:S229P) C-15; T-85 100 C-16; T-84 100 C-12; T-88 95 C-32; T-68 99 
GLS2 AK233325.1:c.1990A>G(P:frame3:R587K) G-19; A-81 98 G-28; A-72 100 G-23; A-77 97 G-18; A-82 99 
HLA-A AK231632.1:c152C>T(P:frame2:H36Y) T-9; C-91 95 T-6; C-94 83 T-12; C-88 75 T-49; C-51 63 
HP #2 NM_214000.1:c471C>T T-12; C-88 98 T-39; C-61 95 T-16; C-84 88 T-36; C-64 99 
ITIH1#2 NM_213924.1:c227C>T T-13; C-88 30 Monomorphic - T-8; C-92 12 T-13; C-87 34 
NCF1#1 NM_001113220.1:c237G>T(P:R79S) T-49; G-51 98 G-29; T-71 100 T-50; G-50 90 G-25; T-75 95 
NCF1#2 NM_001113220.1:c392G>A(P:S131N) A-41; G-59 100 G-30; A-70 99 A-44; G-56 93 G-25; A-75 96 
NCF2 #2 *TC222915:c1108G>A A-38; G-63 100 A-45; G-55 96 A-41; G-59 93 A-45; G-55 99 
PGD **ITC.15044.548:c742A>G(P:frame3:H214R) G-42; A-58 93 G-24; A-76 100 A-50; G-50 88 G-11; A-89 98 
RNH1 #1 **ITC.15044.937:c130A>G (P:frame1:S44G) G-41; A-59 85 A-48; G-52 66 A-45; G-55 81 A-23; G-77 83 
SERPINB1 XM_001926744:c845C>G(P:frame3:D263E) G-10; C-90 100 G-5; C-95 99 G-4; C-96 95 G-10; C-90 99 
SULT1A1 #2 NM_213765.1:c441G>A(P:A112T) A-6; G-94 100 A-4; G-96 100 A-7; G-93 94 A-20; G-80 94 
 
* Sequence from DFCI database: http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=pig 
**Sequence from ANEXdb database: www.anexdb.org 
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Table 3.  Association of SNPs with phenotypes in the 4 populations.   
SNP 
NADC-40 population, n=40 NADC-77 population, n=77 Field population, n=405 Compton population, n=163 
Fecal counts 
p-value 
ICLN counts 
p-value 
Fecal counts p-value Shedding status p-value 
Spleen counts 
p-value 
Liver counts 
p-value 
DDRGK1 0.455 0.301 0.866 0.691 0.779 0.460 
ELF3 0.826 0.454 0.744 0.272 0.724 0.877 
GLS2 0.637 0.257 0.077 0.448 0.139 0.279 
HLA-A Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed 
HP #2 0.664 0.644 0.559 0.001* 0.314 0.703 
ITIH1#2 Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed 
NCF1#1 0.253 0.268 0.609 0.740 0.254 0.139 
NCF1#2 0.567 0.927 0.442 0.902 0.280 0.299 
NCF1 #1+2 0.741 0.383 0.490 0.672 0.461 0.425 
NCF2 #2 0.970 0.174 0.044* 0.366 0.630 0.434 
NCF2 #1+2 0.970 0.196 0.156 0.150 0.401 0.492 
PGD 0.734 0.350 0.066* 0.050 Not analyzed Not analyzed 
RNH1 0.647 0.538 0.125 0.707 0.279 0.458 
SERPINB1 Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed 
SULT1A1 #2 Not analyzed Not analyzed Not analyzed Not analyzed 0.940 0.760 
 
Note: SNPs with least 80% of genotyping calls and MAF ≥ 15% statistically analyzed.  Asterisk denote a statistically significant association with estimated 
FDR or q≤0.21 
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Figure legends: 
Fig. 1. Strategy for gene selection and putative SNP identification from ANEXdb for 65 
SNPs. An additional 11 putative SNPs were selected from the PEDE or DFCI databases. 
 
Fig. 2. Association of HP #2 (p=0.001, q=0.01) with Salmonella fecal shedding in the field 
population.  Number of pigs having the particular genotype is indicated on the bar graphs. Y-
axis represents the fitted probability of positive fecal shedding (see Methods). 
 
Fig. 3. Association of SNP#2 in the NCF2 gene with Salmonella fecal shedding in the 
NADC-77 population, p=0.04, q=0.21. There were n=12 pigs of A/A genotype, n=42 pigs of 
G/A genotype and n=20 pigs of G/G genotype. Y-axis represents the day-averaged 
cumulative area under the log curve (ACAULC) of shedding counts, which indicates the 
average shedding per day from day 0 to each day of interest, on the natural log scale. 
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Figures 
 
Fig. 1. 
 
 
Extract putative SNPs with minor allele count ≥3 using ANEXdb database  
 
Select shedding class by infection interaction genes with 1.5 fold change in response 
to S. Typhimurium challenge (n = 2,527, q<0.1) 
Found 4,346 SNPs in 330 differentially regulated genes 
Low-shedder  
up-regulated 
35 genes; 899 
SNPs 
Low-shedder  
down-regulated 
105 genes; 1652 
SNPs 
Persistent-shedder  
up-regulated 
139 genes, 1427 
SNPs 
Persistent-
shedder  
down-regulated 
51 genes; 368 
SNPs 
Select SNPs located within the open reading frame, n=1,236 SNPs in 167 genes 
Select all non-synonymous SNPs, n = 65 SNPs in 57 genes 
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Abstract 
 
Investigating the porcine transcriptional response to Salmonella could provide important 
insights into mechanisms of disease resistance/susceptibility and assist in developing 
predictive tools for disease outcome. Whole blood transcriptome analysis (Huang et al. 
2011a) revealed many differentially-expressed genes between pigs classified as persistent 
Salmonella shedders (PS, shed Salmonella throughout the 21 day study) and low Salmonella 
shedders (LS, ceased shedding after 2 weeks post-inoculation).  Pathway analysis of genes 
that were enriched for many immune-inflammatory pathways showed that IFNγ responsive 
genes represent the most significant and largest response networks in the PS pigs.  In this 
work, we first confirmed our previous observation that serum IFNγ levels are correlated with 
shedding numbers in a replicate population of pigs inoculated with Salmonella enterica 
serovar Typhimurium. We then used qPCR analysis to confirm differential expression of 15 
selected IFNγ-responsive genes in PS swine whole blood.  Further we investigated whether 
the differential gene expression patterns observed in vivo in PS and LS pigs could be 
mimicked in vitro to identify gene expression patterns that can serve as predictive tools for 
porcine disease resistance. Whole blood from three healthy pigs was stimulated in vitro with 
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1, 10 and 100 ng/ml of IFNγ and with and without S. Typhimurium endotoxin (STE). The 
qPCR analysis revealed that the in vitro response to IFNγ alone for five genes (CXCL10, 
IL10, MMP8, PSMB9, TMEM176) was dose-dependent.  Simultaneous whole blood 
stimulation with STE and IFNγ induced IFNγ-dose-dependent expression for 12 genes 
(CASP4, CXCL10, CYBA, IL10, IRF1, JAK2, MMP8, NCF1, PSMB9, SOD2, TAP1, 
TMEM176).  Hierarchical cluster analysis revealed that gene expression patterns of PS swine 
in vivo clustered most closely with in vitro gene expression pattern after whole blood 
stimulation with the two highest levels of IFNγ in the presence of STE. Based on in vivo and 
in vitro expression patterns, we conclude that quantitative differences in IFNγ levels can 
explain the expression of most of the tested genes, and that the IFNγ regulon is a source of 
genes whose expression levels at day 2 of infection can predict shedding outcomes. Genes 
such as CASP4, SOD2, NCF1, CXCL10, PSMB9, TMEM176A, JAK2, TAP1 can be further 
evaluated as potential candidates for development of predictive assays for immune capacity 
or shedding status in swine. 
Introduction 
Swine salmonellosis is one of the sources for food contamination with non-typhoid 
Salmonella which causes about 1 million cases of human salmonellosis in the US annually 
(Scallan et al., 2011; Guan and Holley, 2003; Hoffmann et al., 2007).  About 53 % of pig 
farm sites sampled in 17 states of the US were positive for Salmonella as indicated by the 
USDA National Animal Health Monitoring System (NAHMS) survey in 2006 (APHIS. 
2009).  Furthermore, a study in Iowa surveying 24 hog farms during 2006-2009 found that 
71.4 % of farms had at least one Salmonella positive fecal sample (Wang et al., 2010).  
Asymptomatic Salmonella carrier swine pose a major problem in continuous Salmonella 
contamination on the farm and in the food-chain (Hurd et al., 2001; Boyen et al. 2008).  
Understanding host immune response mechanisms involved in swine disease resistance is of 
pivotal importance to reduce Salmonella contamination. It was demonstrated that variation in 
many innate and adaptive immune traits in swine is under genetic control (Flori et al., 2011; 
Clapperton et al., 2009; Lu et al., 2011). Analysis of over fifty immune traits in large white 
pigs revealed robust heritability of many innate and adaptive immune traits, while phenotypic 
and genetic correlation analysis indicated complementarity of different immune traits, 
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pointing to close interrelation between innate and adaptive immunity (Flori et al., 2011).  Use 
of breeding to improve disease response of swine has been shown by creating offspring 
differing in susceptibility to Haemophilus parasuis (Blanco et al., 2008), S. Choleraesuis 
(van Diemen et al., 2002; Galina-Pantoja et al., 2009), and developing of high and low 
immune response lines based on antibody and cellular assays (Wilkie and Mallard, 1999).  
Investigation of the porcine global transcriptional response to Salmonella has provided 
valuable information about genes, signaling and regulatory pathways involved in the 
response to Salmonella (Huang et al., 2011; Wang et al., 2008; Wang et al., 2007). In 
addition, microarray expression profiling revealed important differences between pigs 
persistently shedding the bacterium and low-shedding pigs (Huang et al., 2011). 
Furthermore, association of shedding phenotype with genetic polymorphisms in functionally 
relevant genes suggested several potential biomarkers (Uthe et al., 2009; Uthe et al., 2011). 
Identifying and validating biomarkers that could potentially characterize/predict the immune 
status of the pig and the outcome of the disease would be an important step in developing 
tests for assessing the immune capacity of animals.  Such biomarkers could then be used in 
improving disease resistance through breeding. As IFNγ is one of the important orchestrators 
of the porcine blood transcriptional response to Salmonella (Huang et al., 2011; Uthe et al., 
2009), the current study focuses on analysis of a set of IFNγ-regulated genes as potential 
biomarkers and predictors of Salmonella shedding and potentially disease resistance in 
swine.  
IFNγ is a major cytokine of the T helper 1 type (Th1) immune response that is activated 
during viral and many bacterial infections (Schoenborn and Wilson, 2007). IFNγ is secreted 
by hematopoetic cells with natural killer (NK) cells, Th1 CD4 and CD8 lymphocytes being 
major IFNγ producers (Schroder et al., 2004). IFNγ activates several signaling pathways 
including canonical JAK-STAT pathway resulting in phosphorylation of STAT1 which binds 
to specific chromatin sites at gamma activated sequences (GAS) and induces expression of 
IFNγ-regulated genes (Saha et al., 2010; Gough et al., 2008; Noon-Song et al., 2011). 
One of the important functions of IFNγ is its ability to stimulate macrophage 
antimicrobial and antitumor activity as well as antigen processing and presentation pathways 
(Saha et al, 2010).  Macrophages play a pivotal role in the innate immune response to 
  
 
111 
Salmonella as a key virulence trait of Salmonella is associated with survival and replication 
within phagosomes of macrophages (Santos et al., 2011; Jantsch et al., 2011).  Upon 
encountering Salmonella, macrophages and dendritic cells produce an array of cytokines, 
most notably IL12 and IL18, that attracts NK cells and stimulate IFNγ production by NK and 
Th1 T cells (Schroder et al., 2004; Godinez et al., 2008). Through a positive feedback loop, 
IFNγ then stimulates macrophages, inducing lysosome and Salmonella containing 
phagosome fusion and thus facilitates killing and clearance of the phagocytosed bacterium. 
The essential role of IFNγ in host response and resistance to Salmonella has been extensively 
described (Dougan et al. 2011). For example, it was demonstrated that mice lacking IFNγ 
receptor or treated with anti-IFNγ antibodies were unable to clear sub-lethal doses of virulent 
S. Typhimurium (Muotiala and Mäkelä, 1990).  Further, low level production of IFNγ in 
mice resulted in earlier and enhanced systemic dissemination of S. Typhi (Richer et al., 
2011).  Interestingly, lower expression of IFNγ and IFNγ-regulated genes was a key factor 
for increased susceptibility of young mouse pups to S. Typhimurium as compared to adult 
mice (Rhee et al., 2005).  Involvement of IFNγ and IFNγ-regulated genes were shown to be 
critical in development of innate immune responses to Salmonella and Salmonella-derived 
endotoxin in several studies involving chicken, calves and pigs (Ciraci et al., 2010; Wigley et 
al., 2006; Lawhon et al., 2011; Huang et al., 2011; Uthe et al., 2009). Global gene expression 
profiling of calf ligated ileal loops infected with wild type and mutant S. Typhimurium 
identified IFNγ as one of the key mechanistic immune response genes (Lawhon et al., 2011). 
Likewise, genes and immune pathways regulated by IFNγ were significantly overrepresented 
in the early whole blood transcriptomic response of pigs persistently shedding S. 
Typhimurium, indicating that many gene expression differences seen in pigs responding to 
Salmonella are influenced by IFN-γ signaling (Huang et al., 2011). Furthermore, IFNγ levels 
in serum of pigs challenged with S. Typhimurium were positively correlated with Salmonella 
shedding at 2 days post inoculation (dpi) (Uthe et al., 2009).  Moreover, variable levels of 
IFNγ were correlated with the severity of clinical manifestation of Actinobacillus 
pleuropneumoniae (Benga et al., 2009).  
IFNγ-regulated genes have been evaluated as potential biomarkers in several clinical 
studies where the IFNγ pathway is important in increased immunity to the disease (Alsleben 
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et al., 2012; Neujahr et al., 2012; Berry et al., 2010; Benga et al., 2009).  In addition, whole 
blood and/or blood immune cell expression profiling has been successfully utilized in a 
variety of biomedical studies, as changes in health/disease status is often reflected in blood 
biomarker signatures (Chaussabel et al., 2010; Ramilo et al., 2007; Allantaz et al., 2007; 
Moriconi et al., 2007).   
In this research, we utilized porcine whole blood to analyze the expression of IFNγ-
regulated genes.  First, we confirmed the correlation of circulating IFNγ protein levels with 
pathogen shedding in a new S. Typhimurium challenge population, and documented a 
statistically significant difference in low shedding (LS) versus persistent shedding (PS) pigs 
in both challenge studies. Second, real-time PCR confirmed the microarray-identified 
expression patterns of IFNγ-responsive genes in S. Typhimurium challenged swine in vivo. 
Third, hypothesizing that known and predicted IFNγ-responsive genes respond differently to 
various levels of S. Typhimurium stimulation with and without S. Typhimurium endotoxin in 
vitro, we attempt to simulate in vitro the gene expression patterns observed in PS and LS 
swine in vivo. The research goal is to discover biomarkers that could facilitate prediction of 
Salmonella shedding potential and disease resistance in swine using in vitro assays of swine 
whole blood and qPCR.  
 
Materials and Methods 
Low shedder (LS) and persistent shedder (PS) pig populations: Pigs of extreme 
Salmonella-shedding phenotypes were identified in the two challenge populations (NADC-
40 and NADC-77) and have been described previously (Huang et al., 2011; Uthe et al., 2009; 
Uthe et al., 2011). Serum from the two populations was used in this study for assessing the 
IFNγ protein levels. Whole blood mRNA isolated from PS and LS pigs of the NADC-40 
population was used for gene expression analysis.  
 IFNγ ELISA. Serum from the NADC-40 and NADC-77 swine populations was 
collected as previously described (Huang et al., 2011; Uthe et al., 2009). ELISA assay was 
performed using Porcine IFNγ Colorimetric ELISA Kit (Pierce, Rockford, IL) according to 
the manufacturer’s instructions.  
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 In vitro treatments of whole blood with IFNγ.  Whole blood from three healthy pigs 
was collected in tubes containing the anticoagulant sodium citrate. For each pig/biological 
replicate, several aliquots of whole blood were made and treated as follows:  PBS only (no 
treatment control), 100 ng/ml S. Typhimurium χ4232 endotoxin (STE) only; 100 ng/ml, 10 
ng/ml or 1 ng/ml of IFNγ only; and 100 ng/ml, 10 ng/ml and 1 ng/ml of IFNγ plus 100 ng/ml 
STE.  The blood was incubated for 6 hrs at 37 °C with 5 % CO2. After incubation, 2.5 ml of 
blood was collected in PAXgene blood RNA tubes (PreAnalytiX, Qiagen, Valencia, CA).  
 RNA isolation. RNA from whole blood preserved in PAXgene blood RNA tubes was 
isolated using the PAXgene Blood RNA Kit according to the manufacturer’s directions 
(Qiagen, Valencia, CA).  Contaminating DNA was removed by using the Turbo DNA-free 
kit (Ambion, Life Technologies, Grand Island, NY). PCR was performed to ensure that RNA 
preparations did not contain traces of DNA. Quality and quantity of RNA was assessed using 
an Agilent bioanalyzer (Santa Clara, CA) and a Nanodrop spectrophotometer (Thermo 
Scientific, Wilmington, DE).  
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Statistical analysis  
 Correlation between IFNγ levels and Salmonella shedding. Serum IFNγ levels of 
PS10 and LS10 swine, a total of 20 animals from NADC-77 population, and shedding 
estimates by AULC (area under the log curve) of all 77 swine from the aforementioned 
population were used for analysis of correlation between shedding and serum IFNγ levels.  
Both Pearson and Spearman correlation coefficients were significantly different from 0 
(Pearson correlation coefficient=0.554, p-value=0.011; Spearman correlation 
coefficient=0.564, p-value=0.011).  This provides strong evidence for a positive association 
between AULC and IFNγ level.  Because IFNγ levels were measured on only a selected 
subset of animals with extreme AULC measurements, we also tested for association between 
AULC and IFNγ using the approach of Mendoza (1993), which accounts for the effect of 
selection.  This approach also indicated a highly significant positive association between 
AULC and IFNγ (p-value<0.0001).   
 Analysis of gene expression data measured by qPCR.  Expression of the 15 
selected genes and three housekeeping genes was measured by qPCR in 1) whole blood of 
PS and LS swine; 2) swine whole blood in vitro treated with various doses of IFNγ with and 
without S. Typhimurium endotoxin (STE).  Three housekeeping genes, RPL32, beta actin 
(ACTB) and YWHAZ, were evaluated as normalizers of the qPCR data.  Normalization to 
any one of the three individual housekeeping genes mRNA levels or to their geometric mean 
did not correct any systematic bias between samples (as measured by reduced variance). In 
contrary, higher variance was introduced compared to normalization to input nucleic acid 
(supplementary Fig. 1). Thus, the results were normalized only to the total input RNA or 
cDNA used, as we have previously reported (Uthe et al., 2007). The data were analyzed 
using a linear mixed model with fixed effects for treatment, dose and treatment by dose along 
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with random pig effects using SAS MIXED procedure. As part of the linear model analysis, 
hypothesis of whether the different in vitro treatments and doses introduced different 
responses of gene expression was tested using the fitted linear model. Specifically, the linear 
combination of model parameters that corresponds to the hypothesis was constructed.  The p-
values were obtained for the following tests: treatment by dose interaction, treatment effect, 
dose effect within and averaged over different treatment groups. The p-values for each test 
were converted to q-values for false discovery rate estimation. The significance level was set 
to p=0.05. 
 Hierarchical clustering of the gene expression data.  Raw cycle threshold (Ct) 
values of the qPCR measured gene expression in PS and LS swine (in vivo) and in whole 
blood of pigs treated with various doses of IFNγ ± STE (in vitro) were used for hierarchical 
clustering analysis. The data (supplementary table 1) were centered to a global intensity of 
zero units, and then scale to range between -1 and +1. The two-way hierarchical clustering 
analysis was conducted using the Cluster 3.0 software 
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm). The parameters were set to 
average linkage clustering algorithm and Pearson correlation as the similarity metric. The 
TreeView visualization tool was used to graphically illustrate the clustering results 
(http://rana.lbl.gov/EisenSoftware.htm). 
  
Results 
Serum levels of IFNγ in PS and LS swine reproducibly correlate with Salmonella 
shedding status.  Previously, we reported significant positive correlation between 
Salmonella shedding and IFNγ levels in the serum of 40 pigs (NADC-40) challenged with S. 
Typhimurium (Uthe et al., 2009).  In the current study, using a separate cohort of 
Salmonella-challenged swine (NADC-77), we confirmed that circulating IFNγ levels are 
positively correlated (Pearson r = 0.554, p = 0.011) with Salmonella shedding status in 
swine. In addition, IFNγ serum levels were about 2-3 fold higher in the PS pigs compared to 
the LS pigs in the two swine populations (Fig. 1).  
Selection of genes involved in IFNγ signaling and confirmation by qPCR of 
IFNγ-target genes. Whole blood transcriptome at 0 and 2 days postinoculation (dpi) 
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revealed 1439 genes (q<0.05) showing 1) shedding by infection time interaction or 2) 
expression differences between LS and PS pigs at 2 dpi (Huang et al. 2011a). This list of 
genes with shedding by infection time interaction was compared to lists of genes known to 
respond to IFNγ from literature resources such as: Pathway Studio (IFNγ regulon), Lacaze et 
al., 2009; Zhang et al., 2010 (Fig. 2).  From this comparison, 72 genes were selected, which 
were further filtered using the following criteria: gene expression profiles that 1) correlated 
with shedding status of the pigs (Spearman r>0.7; q<0.2) and 2) were at least 1.5 fold 
different either between PS and LS pigs or in response to time postinoculation (day 0 versus 
day 2 pi).  An exception to the selection criteria above is CXCL10, a gene not on the 
microarray but well known to be involved in the IFNγ response (Liu et al., 2011) and is 
differentially regulated in Salmonella challenged pigs (Uthe et al., 2007).  Another gene, 
IL10, was not differentially expressed by microarray analysis, but was selected for qPCR 
analysis as a representative of Th2-type immune response and as a negative regulator of IFNγ 
and Th1-type immune responses. Thus, the gene selection process depicted above resulted in 
a set of 15 IFNγ-target genes selected for qPCR analysis.  
Whole blood mRNA of PS and LS swine from the NADC-40 population was then 
used for gene expression analysis by qPCR of selected 15 genes: CASP4, CD55, CXCL10, 
CYBA, IL10, IL18, IRF1, JAK2, LY96, MMP8, NCF1, PSMB9, SOD2, TAP1, TMEM176A 
(Fig. 3, Table 2). Prior Affymetrix microarray analysis (Huang et al., 2011) indicated that 
expression of 13 of the above 15 selected genes was significantly different in PS pigs in 
response to challenge with S. Typhimurium (comparing day 0 and day 2 p.i.; excludes 
CXCL10 and IL10, as described above).  qPCR analysis confirmed the differential 
expression of all 13 genes in the PS pigs in response to S. Typhimurium challenge. In 
addition, although not significant in the microarray analysis, induction of IL18 by S. 
Typhimurium challenge was found significant by qPCR in LS pigs at day 2 pi.  Microarray 
analysis revealed 10 of the 13 genes (CASP4, CD55, CYBA, JAK2, LY96, MMP8, NCF1, 
PSMB9, SOD2, TMEM176A) with significant shedding class by infection time interaction or 
were different at 2 days p.i. between PS and LS pigs. Shedding class by infection time 
interaction was confirmed by qPCR for 8 genes (CASP4, CYBA, JAK2, LY96, NCF1, 
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PSMB9, SOD2, MMP8).  Moreover, qPCR indicated shedding by time interaction for two 
additional genes (IRF1 and IL10).  
 Expression of IFNγ-target genes in response to in vitro stimulation of swine 
whole blood with various doses of IFNγ with and without S. Typhimurium endotoxin 
(STE).  To determine if the in vivo expression patterns of the 15 selected genes could be 
modeled by varying IFNγ levels, we analyzed by qPCR swine whole blood after in vitro 
treatment with three different doses of IFNγ (1 ng/ml, 10 ng/ml and100 ng/ml) with or 
without STE for 6 hours at 37C.  Eleven genes (CASP4, CXCL10, CYBA, IL10, IRF1, 
JAK2, NCF1, PSMB9, SOD2, TAP1, TMEM176A) were induced in response to IFNγ and/or 
STE treatment, as RNA levels for these genes in the non-stimulated control was different 
from at least one dose of IFNγ and/or STE stimulation (Table 3).  Nine genes (CASP4, 
CXCL10, CYBA, IL10, IRF1, PSMB9, SOD2, TAP1, TMEM176) were up-regulated in 
response to stimulation with STE. Interestingly, expression of 5 genes (CXCL10, IL10, 
MMP8, PSMB9, TMEM176) was IFNγ dose-dependent.  The levels of 12 genes varied 
significantly between doses of IFNγ when STE was also present (CASP4, CXCL10, CYBA, 
IL10, IRF1, JAK2, MMP8, NCF1, PSMB9, SOD2, TAP1, TMEM176).   
 Genes involved in IFNγ signaling, antigen presentation and response to LPS (JAK2, 
IRF1, TAP1, PSMB9) were induced after whole blood treatment with IFNγ and/or STE in 
vitro (Fig. 4 A, Table 3), with the exception of LY96. PSMB9 responded to IFNγ stimulation 
in a dose dependent manner; however, STE was needed for IFNγ-dose-dependent response of 
IRF1. For both genes, treatment with 1 ng/ml IFNγ invoked a significantly lower response 
compared with 10 or 100 ng/ml IFNγ.  Out of 3 genes involved in antimicrobial defense and 
oxidative burst, SOD2 was induced in response to IFNγ and/or STE stimulation.  For 
induction of NCF1, IFNγ doses of 10 or 100 ng/ml, as well as STE, were required.  On the 
other hand, CYBA, while induced in PS swine in vivo, was not affected by in vitro 
stimulation (Fig. 4 B, Table 3).  Representing inflammasome and cytokine signaling, CASP4, 
IL10 and CXCL10 responded to IFNγ and/or STE stimulations (Fig. 4 C, Table 3).  Although 
induced in PS and LS swine in vivo, IL18 was not affected by in vitro treatments.  IL10 and 
CXCL10 were both induced in a dose-dependent manner by IFNγ, however addition of STE 
remarkably increased CXCL10 response.  Concomitant treatment with IFNγ at 10 ng/ml plus 
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STE also resulted in dose-dependent CASP4 induction compared to 1 ng/ml of IFNγ.  
Dramatic induction of IL10 in response to STE alone was observed, while addition of IFNγ 
lowered STE induced IL10 response with 10 ng/ml IFNγ+STE stimulation differing from 1 
ng/ml IFNγ+STE treatment. Genes encoding cell surface and extracellular defense proteins, 
MMP8 and TMEM176A, were induced in response to IFNγ in a dose-dependent manner 
while CD55 expression was not altered by in vitro stimulations (Fig 4. D, Table 3). Greater 
induction of TMEM176A was observed in response to 10 and 100 ng/ml of IFNγ as 
compared to 1 ng/ml of IFNγ.  Likewise, treatment with 100 ng/ml of IFNγ induced higher 
levels of MMP8 mRNA compared to1 ng/ml IFNγ stimulation.             
 Hierarchical clustering of IFNγ-target genes by their expression patterns in vivo 
and in vitro.  The analysis above focused on checking each gene independently for a 
significant response to IFNγ treatment in a whole blood in vitro test, and showed that many 
genes responded in an IFNγ dose-dependent manner. We were also interested in determining 
whether the response pattern of the combined IFNγ target genes was similar to the patterns 
detected in vivo, and if any similarity depended on the dosage of IFNγ used. Hierarchical 
clustering analysis of the average RNA levels of the 15 selected IFNγ-target genes indicated 
that the expression patterns of PS pigs at day 2 pi with S. Typhimurium is most similar to 
RNA patterns seen upon in vitro stimulation of peripheral blood with two doses of IFNγ, 10 
ng/ml and 100 ng/ml in the presence of STE (Fig. 5). As expected, the expression patterns of 
PS and LS pigs at day 0 clustered with the in vitro no-stimulation control. Interestingly, the 
expression patterns of LS pigs at day 2 pi clustered with the lowest in vitro level of IFNγ 
treatment (1 ng/ml).  Stimulation of peripheral blood with STE alone was unique, not similar 
to the IFNγ plus STE stimulation nor the IFNγ stimulation alone.  
 
Discussion 
A precedent for investigating IFNγ-target gene expression in the porcine response to 
Salmonella was established by our early findings that indicated a correlation between IFNγ 
serum levels with shedding of S. Typhimurium (Uthe et al., 2009).  The current study 
confirmed the correlation of IFNγ serum levels with Salmonella shedding using a separate 
swine population of 77 Salmonella-challenged pigs (NADC-77).  Furthermore, significantly 
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higher serum IFNγ levels were observed in the PS pigs compared to the LS pigs in both 
NADC-40 and NADC-77 populations, suggesting that serum levels of IFNγ could serve as 
one possible discriminative factor between pigs of different shedding phenotypes.  Global 
whole blood gene expression analysis has also established a central role of IFNγ-regulated 
genes in persistent Salmonella-shedder swine following experimental challenge with S. 
Typhimurium (Huang et al., 2011).  Thus, the current study aimed to further investigate the 
role of IFNγ in the observed whole blood expression response to S. Typhimurium, and to 
discover possible biomarkers for the Salmonella shedding phenotype in swine. After 
verifying differential expression of the selected genes by qPCR, we asked whether an in vitro 
assay could be developed to mimic the gene expression patterns specific to the persistent 
Salmonella-shedder pigs.  Such an in vitro gene expression model resembling the 
transcriptional response of swine with specific Salmonella shedding phenotypes could 
potentially be useful in developing predictive markers or tests for immune capacity in swine. 
Genes selected for expression analysis in this study represent different aspects of the IFNγ-
regulated response, including endotoxin recognition and antigen presentation, IFNγ and 
cytokine signal transduction, inflammasome-related processes as well as oxidative burst and 
antimicrobial defense.     
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 As a part of the immunoproteasome, PSMB9 also regulates LPS-induced function of 
NADPH (nicotinamide adenine dinucleotide phosphate oxidase), an enzyme involved in 
oxidative burst of neutrophils and macrophages (Zhao et al., 2008; Reis et al., 2011). 
Oxidative burst capacity of neutrophils has been implicated in several pathologies as well as 
in swine and mice resistance to Salmonella (Sancho-Shimizu and Malo, 2006; van Diemen et 
al., 2002; El-Benna et al., 2009). Two components of NADPH oxidase were analyzed in this 
study: transmembrane protein CYBA (cytochrome b-245, alpha polypeptide, also known as 
p22phox) and cytosolic protein NCF1 (neutrophil cytosolic factor 1, also known as p47phox) 
essential for NADPH activation (El-Benna et al., 2009).  CYBA was shown inducible in 
human peripheral blood granulocytes, monocytes and monocyte-derived macrophages by 
LPS and IFNγ via the JAK-STAT signaling pathway, with phosphorylated STAT directly 
binding GAS elements in the CYBA promoter (Moriwaki et al., 2006; Manea et al., 2010).  
In this research, only concomitant treatment of swine whole blood with STE and IFNγ 
induced significant IFNγ dose-dependent induction of CYBA and NCF1.  Higher levels of 
NCF1 and CYBA expression in PS as compared to LS swine in vivo suggests enhanced 
capacity for oxidative burst by macrophages or granulocytes in PS pigs. 
 Induced expression during infection in vivo and by several in vitro treatments was 
observed for the SOD2 gene, encoding manganese superoxide dismutase which is essential in 
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eliminating excess, cell-damaging superoxide anion radicals.  It has been shown that a 
variety of stimuli including triggers of oxidative stress (e.g., endotoxin) and a number of 
transcription factors and cytokines (e.g., IFNγ) can induce SOD2 expression in mammalian 
cells (Miao and St Clair, 2009).  SOD2 has been shown to be essential for survival and 
normal function of mammalian cells (Jin et al., 2010; Gao et al., 2010; Miao and St Clair, 
2009).  Research by others has shown that porcine peripheral blood mononuclear cells 
(PBMC) induce SOD2 expression in response to LPS stimulation (Gao et al., 2010).  Our 
results also indicate that simultaneous treatment of swine whole blood with STE and IFNγ 
results in a 22 to 45 fold, IFNγ dose-dependent, induction of SOD2 transcripts.  Analysis of 
SOD2 mRNA levels in S. Typhimurium challenged pigs in vivo indicate about seven fold 
higher levels of SOD2 in PS as compared to LS swine. Higher levels of SOD2 in PS swine 
possibly serve to counteract a more dramatic oxidative burst in those pigs, as can be inferred 
from the 2-3 fold higher levels of NCF1 and CYBA RNA, as components of NADPH 
oxidase.   
Gene encoding multifunctional protein caspase-4 (CASP4) was induced in PS swine 
in vivo as well as in whole blood in vitroresponses following in vitro stimulation with IFNγ 
and/or STE where stimulation adding STE invoked higher, IFNγ-dose dependent induction. 
Expression of CASP4 is regulated by IFNγ signaling as gamma activated sequences (GAS) 
were identified in the CASP4 promoter (Geller et al., 2003)(Saha et al., 2010). However, 
differential regulation of CASP4 in swine whole blood due to IFNγ and STE treatments has 
not been reported previously.  A member of the conserved aspartate-specific cysteine 
proteases family, CASP4 is essential in activation of cryopyrin or NACHT domain-, leucine-
rich repeat-, and PYD-containing protein 3 (NLPR-3) inflammasome known to be involved 
in recognition of S. Typhimurium (Sollberger et al., 2012; Hitomi et al., 2004; Broz et al., 
2010). As a result of inflammasome activation, IL18 is released from activated macrophages 
and dendritic cells, thereby stimulating IFNγ production by Th1-like CD4+ T and NK cells 
and to lesser extent other cells types including monocytes, epithelial and B cells (Mastroeni 
et al., 1999; Schroder et al., 2004). CD4
+
 Tcell [no hyphen between T and cell] activation is 
dependent on IL18 in S. Typhimurium infected mice, and IL18 contributes to Salmonella 
clearance in a mouse infection model (Mastroeni et al., 1999; Raupach et al., 2006).  
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Interestingly, increased experssion of IL18 RNA was detected in PS and LS pigs at 2 days 
after S. Typhimurium challenge, but not after whole blood in vitro stimulation with IFNγ 
and/or STE. Such observation suggests that antigen presenting cells (macrophages and 
dendritic cells) are likely to release IL18 upon encounter of S. Typhimurium or its endotoxin 
in the gut tissues in vivo, inducing gene expression changes and augmented cytokine 
production by Th1-like T cells. Stimulation of whole blood with IFNγ and/or STE in vitro 
may not provide necessary stimuli for significant levels of IL18 induction in peripheral blood 
cells.   
Likewise, induction of CD55 and MMP8 were observed in the in vivo swine whole 
blood samples and not in the in vitro stimulated whle blood samples. Decay accelerating 
factor, CD55 regulates T cell immunity in a complement-dependent manner in a context of 
inflammation (Fang et al., 2011). Deficiency of CD55 in mice leads to over-stimulated IL12 
production, resulting in heightened in vivo and in vitro expression of IFNγ in T cells in vivoin 
vitro (Lalli et al., 2007; Liu et al., 2005). Thus, induction of CD55 in PS swine in vivo may 
represent a mechanism of tapering the heightened Th-like immune response. It is likely that 
APC-driven CD55 induction occurs in PS swine tissues in in vivo and mRNA levels of CD55 
can be detected in APCs circulating through blood/lymph. Even though, CD55 was reported 
to be inducible by IFNγ in some cell types in vitro (Schmitt et al., 1999; Cocuzzi et al., 
2001), this study suggests that in vitro stimulation of whole blood with IFNγ in the presence 
or absence of endotoxin does not affect expression of CD55.  
This study for the first time reports induction of matrix metalloproteinase 8 (MMP8) 
in whole blood of swine persistently shedding S. Typhimurium. Modulating of Th1/Th2 
balance towards Th1-like response, MMP8 has also been implicated in a variety of cellular 
processes from cancer and chronic disorders to systemic inflammation (Dejonckheere et al., 
2011). While induced up to 135 fold in PS pigs, MMP8 was only about 5 fold induced in the 
LS swine, again suggesting important differences in regulation of immune response between 
the two shedding classes. On the other hand, in vitro stimulation of swine whole blood with 
IFNγ and/or STE did not elicit a strong MMP8 response, suggesting that additional immune 
stimuli possibly acting at the site of tissue inflammation may be needed for induction of 
MMP8.  
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While IL10 mRNA was not significantly induced in vivo in whole blood of PS and 
LS swine, levels of IL10 mRNA were 2 to 20 fold higher after in vitro whole blood 
stimulation with IFNγ and/or STE, as well as with endotoxin alone. As a result of NFκB 
signaling, IL10 induction by LPS has been reported in several cell types including monocytes 
(Sarkar et al., 2011). The homeostatic cytokine IL10 is important in counteracting the 
intensity and duration of inflammation by suppression of cytokine production and down-
regulation of MHC class II expression (Herrero et al., 2003).  Interestingly, high levels of 
IFNγ can dampen the effect of IL10 by redirecting IL10 signaling from activation of STAT3, 
which is anti-inflammatory, to activation of STAT1, which is pro-inflammatory. Thus, as a 
feedback loop, IFNγ influences a balance of STAT1 and STAT3 activation by IL10 resulting 
in pro-inflammatory versus anti-inflammatory effects, respectively (Herrero et al., 2003). In 
this study, a regulatory effect on IL10 by IFNγ may be reflected in the lower levels of IL10 
seen after IFNγ stimulation of whole blood in vitro as compared to the levels with STE 
stimulation.  One major difference between the in vivo and in vitro experiments is the 
presence of S. Typhimurium in the former. From the pathogen perspective, Gram-negative 
bacteria including Salmonella (and LPS) can affect IL10 signaling in macrophages by 
repressing let-7 microRNA, relieving IL10 from negative post-transcriptional control and 
resulting in reduced inflammation (Schulte et al., 2011).  Intriguingly, at day 2 pi, levels of 
IL10 mRNA were higher in PS pigs where IFNγ levels and S. Typhimurium burden were 
also higher compared to LS swine, suggesting that induction of IL10 could be affected not 
only by the host cytokine milieu but also by Salmonella.  
 C–X–C motif chemokine 10 (CXCL10) also known as IFNγ-induced protein 10 kDa 
(IP-10) is a chemokine with an established function in the porcine response to Salmonella 
(Uthe et al., 2007).  In response to IFNγ, CXCL10, secreted from a variety of cells including 
APCs, induce chemotaxis, apoptosis, cell growth inhibition and angiostasis (Liu et al., 2011). 
In addition, CXCL10  has been recognized as a biomarker for prediction of disease severity 
(Helbig and Beard, 2012; Fattovich et al., 2011; Lee et al., 2010).  Differential expression of 
CXCL10 in porcine whole blood in vivo reflects differences in the magnitude of immune 
response observed between PS and LS pigs. In vitro stimulation of whole blood with IFNγ 
and/or STE induced IFNγ dose-dependent expression of CXCL10 at levels markedly higher 
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than those observed in vivo, which may be attributed to the dose of IFNγ used in this study. 
Alternatively, in vivo mechanisms to taper acute inflammation exist that could be regulating 
levels of CXCL10 expression. 
  The function of transmembrane protein 176A (TMEM176A) in the immune system 
remains unclear, however studies link TMEM176 with cancer, induction of tolerance, and 
down-regulation of dendritic cell maturation (Cuajungco et al., 2012; Condamine et al., 
2010).  TMEM176A was found expressed in a variety of human and mouse tissues including 
lymphoid tissues and leukocytes. Reports indicate that levels of TMEM176A can be induced 
in microglia cells after injecting mice with IFNγ and LPS; however, TMEM176 expression is 
diminished in mice bone marrow derived dendritic cells upon LPS exposure (Schmid et al., 
2009; Condamine et al., 2010).  This research is the first report of IFNγ dose-dependent 
induction of TMEM176A in whole blood in response to in vitro IFNγ stimulation. 
In summary, this research revealed differential expression of a set of 15 IFNγ-
regulated genes in swine whole blood in vitro which has not been previously reported. 
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Quantitative IFNγ level-dependent gene expression respone was demonstrated for the first 
time in this study. In addition, cluster analysis indicated several S. Typhimurium endotoxin 
and IFNγ dose-dependent genes whose expression pattern in vitro closely resembled the 
Persistent Shedder swine response. Thus, as result of this study, several genes can be further 
evaluated as potential candidates for development of predictive assays to determine disease 
outcome and/or shedding phenotype of swine that could be useful in reducing pathogen 
spread and increasing food safety.      
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Table 1. Selected IFNγ responsive genes, qPCR primers and amplicon size. 
 
Gene name Primers: forward and reverse, 5’-3’ 
Amplicon 
size 
Primer Source 
CASP4 
F: AACTGCCTCGGTCTGAAGGA 
R: GAGAGTCACTGACCCACACTTCT 
92 PTRD* 
CD55 
F: GGCTAGCTGACTTAGCCAAAGAAG 
R: CAAACTATGTCCACTCCACCTG 
102 Designed for this study 
CXCL10 F: CCCACATGTTGAGATCATTGC 
R: CATCCTTATCAGTAGTGCCG 
82 
(Jolita J Uthe et al. 
2007) 
CYBA 
F: CGTGTTGGTCTGCCTGCTG  
R: ACCACTTTGGTCATGTACTTTTGTTC 
93 PTRD 
IL10 
F: GCTCTATTGCCTGATCTTCC 
R: GCACTCTTCACCTCCTCCAC 
404 (Raymond et al. 2006) 
IL18 
F: AGGGACATCAAGCCGTGTTT 
R: CGGTCTGAGGTGCATTATCTGA 
107 PTRD 
IRF1 
F: AATCCAGCCCTGATACCTTCTCT 
R: GGCCTGTTCAATGTCCAAGTC 
113 PTRD 
JAK2 
F: CCCTAGGGTTTTCTGGTGCAT 
R: ACCACCTCCCCAGTGTTGTCT 
133 PTRD 
LY96 
F: CCACCTTGTTTTCTTCCATATTTACTG 
R: CATCAGAGGAATTGCAGATCCA 
105 PTRD 
MMP8 
F: CCTATGAGGATTCTGACAAGGACC 
R: CATCAATTGCTTGGACACTGCTCG 
141 Designed for this study 
NCF1 
F: GATGGCAAGAATAACATTGCAGAC 
R: CCCGTGGCCAGAGTCATCT 
110 PTRD 
PSMB9 
F: GCGCTTCACCACAAATGCTA 
R: TCCACACCAGCAGCTGTAATG 
108 PTRD 
SOD2 
F: TAAAGTTCAACGGTGGAGGC 
R: AGCGGTCAACTTCTCCTTGA 
119 PTRD 
TAP1 F: GGTCTGTCCTGCGCCAAGAA 
R: GCAAGAGGCTCAGCTCCGAA 
123 
Couture et al, 
unpublished manuscript 
TMEM176A 
F: GTCGCCTTCGTGTATGAGAAAC 
R: GGGTGGAGAGACATCACAGATA 
168 Designed for this study 
RPL32 
F: TGGAAGAGACGTTGTGAGCAA 
R: CGGAAGTTTCTGGTACACAATGTAA 
93 (Dawson et al., 2004) 
ACTB 
F: CGCCCAGCACGATGAAG 
R: CCGATCCACACGGAGTACTTG 
63 (Tomás et al., 2010) 
YWHAZ 
F: GTGATGATAAGAAGGGGATTG 
R: CTTCATCTCCTTGGGTATCCG 
306 (Huang et al., 2011) 
* Porcine Translational Research Database http://199.133.11.115/fmi/iwp/cgi?-db=PINdb&-
loadframes 
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Table 2. Comparison of qPCR results for gene expression in whole blood samples obtained from low (LS) or persistent  
shedding (PS) pigs at day 0 and day 2 p.i. with S. Typhimurium. 
 
Gene name 
p-value,  contrast between 
pre- and post-infection time 
for Low shedder (D0/D2) 
p-value,  contrast between pre- 
and post-infection time for 
Persistent shedder (D0/D2)* 
p-value, contrast between PS 
and LS at time 2 (D2, LS/PS)  
p-value, shed by time 
interaction** 
CASP4  0.001 0.0056 0.0474 
CD55  0.029 0.0238  
CXCL10  ND 0.0426  
CYBA  0.0014  0.0345 
IL10  NS  0.0373 
IL18 0.0414 0.0002   
IRF1  0.0038 0.0124 0.0307 
JAK2  0.0126 0.0054 0.0201 
LY96  0.0007 0.002 0.0121 
MMP8  0.0002 0.005 0.0187 
NCF1  0.0001 0.0125 0.0138 
PSMB9  0.0015 0.0224 0.0236 
SOD2  <.0001 0.0025 0.0211 
TAP1  0.0298 0.0258  
TMEM1  0.0186   
Note: Only significant p-values are shown. 
* Response to time was confirmed for all genes in the blood of persistent shedder pigs 
** P value showing significant interaction between shedding class and time relative to challenge with Salmonella 
ND Not determined as gene was not present on Affymetrix microarray 
NS Gene was not significantly differentially expressed in Affymetrix microarray
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Table 3. Comparison of in vitro treatments; only significant p-values are shown. 
Treatment comparison 
Genes with significant treatment comparison, p-values 
CASP4 CXCL10 CYBA IL10 IRF1 JAK2 MMP8 NCF1 PSMB9 SOD2 TAP1 TMEM176 
No Stimulation versus 1 ng/ml IFNγ 0.0014 0.0007  0.0140 0.0023 0.0042   0.0007 0.0287 0.0014 0.0009 
No Stimulation versus 10 ng/ml IFNγ 0.0009 0.0005   0.0094 0.0049   0.0005 0.0327 0.0007 0.0007 
No Stimulation versus 100 ng/ml IFNγ 0.0007 0.0004   0.0067 0.0036   0.0004  0.0005 0.0006 
No Stimulation versus Endotoxin 0.0005 0.0002 0.0462 0.0459 0.0003    0.0215 0.0028 0.0092 0.0007 
No Stimulation versus Endotoxin+1 ng/ml IFNγ 0.0004 0.0002   0.0002 0.0014   0.0002 0.0021 0.0003 0.0004 
No Stimulation versus Endotoxin+10 ng/ml IFNγ 0.0004 0.0002  0.0392  0.0009  0.0371 0.0002 0.0028 0.0003 0.0003 
No Stimulation versus Endotoxin+100 ng/ml IFNγ 0.0003 0.0002 0.0056   0.0007  0.0411 0.0002 0.0028 0.0002 0.0003 
10 ng/ml IFNγ versus 1 ng/ml IFNγ  0.0145  0.0168     0.0030   0.0306 
100 ng/ml IFNγ versus 1 ng/ml IFNγ  0.0125  0.0443   0.0196  0.0022   0.0461 
100 ng/ml IFNγ versus 10 ng/ml IFNγ             
Endotoxin versus 1 ng/ml IFNγ  0.0028   0.0028    0.0125  0.0028  
Endotoxin versus 10 ng/ml IFNγ  0.0006   0.0009    0.0006  0.0009 0.0040 
Endotoxin versus 100 ng/ml IFNγ  0.0004   0.0006    0.0004 0.0378 0.0006 0.0061 
Endotoxin+1 ng/ml IFNγ versus 1 ng/ml IFNγ 0.0172 0.0136  0.0084 0.0014   0.0358 0.0028  0.0015 0.0022 
Endotoxin+1 ng/ml IFNγ versus 10 ng/ml IFNγ     0.0007      0.0027  
Endotoxin+1 ng/ml IFNγ versus 100 ng/ml IFNγ     0.0005     0.0414 0.0056  
Endotoxin+1 ng/ml IFNγ versus Endotoxin 0.0186 0.0003  0.0207 0.0262 0.0047   0.0003  0.0004 0.0028 
Endotoxin+10 ng/ml IFNγ versus 1 ng/ml IFNγ 0.0028 0.0014   0.0040 0.0107  0.0434 0.0014  0.0004 0.0008 
Endotoxin+10 ng/ml IFNγ versus 10 ng/ml IFNγ 0.0013 0.0066   0.0165 0.0078   0.0099  0.0009  
Endotoxin+10 ng/ml IFNγ versus 100 ng/ml IFNγ 0.0008 0.0076   0.0118 0.0105   0.0128 0.0324 0.0017  
Endotoxin+10 ng/ml IFNγ versus Endotoxin 0.0006 0.0003   0.0004 0.0028   0.0003  0.0004 0.0005 
Endotoxin+10 ng/ml IFNγ versus Endotoxin+1 ng/ml IFNγ 0.0348 0.0069  0.0196 0.0003        
Endotoxin+100 ng/ml IFNγ versus 1 ng/ml IFNγ 0.0049 0.0009 0.0056  0.0004    0.0009  0.0006 0.0014 
Endotoxin+100 ng/ml IFNγ versus 10 ng/ml IFNγ 0.0277 0.0016   0.0019    0.0069  0.0009 0.0041 
Endotoxin+100 ng/ml IFNγ versus 100 ng/ml IFNγ 0.0178 0.0019   0.0014    0.0093 0.0090 0.0018 0.0028 
Endotoxin+100 ng/ml IFNγ versus Endotoxin 0.0052 0.0003   0.0004 0.0045   0.0003  0.0003 0.0004 
Endotoxin+100 ng/ml IFNγ versus Endotoxin+1 ng/ml IFNγ  0.0016 0.0481  0.0003        
Endotoxin+100 ng/ml IFNγ versus Endotoxin+10 ng/ml IFNγ   0.0112          
Notes: Dose of STE used was 100 ng/ml. For CD55, IL18 and LY96 there were no significant expression differences after in vitro whole blood stimulation experiments.
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Figure Legends 
 
Fig. 1. Serum levels of IFNγ at day 2 pi are different between low shedder (LS) and 
persistent shedder (PS) pigs and are positively correlated with shedding of Salmonella in two 
challenge populations: NADC-40 and NADC-77.  
 
Fig. 2. Selection of known and predicted IFNγ responsive genes for exploration of 
expression responses by qPCR.  The list of genes differentially expressed and showing 
shedding class by infection time interaction in whole blood of PS and LS pigs at day 2 pi 
(SxT genes) was compared to lists of genes known to respond to IFNγ from literature sources 
such as: Pathway Studio (IFNγ  regulon), Lacaze et al, 2010, and Zhang et al, 2010. Initially 
selected 72 candidate genes were further sorted based on their expression levels in PS and LS 
pigs and association with Salmonella shedding.  For further analysis, 13 genes using this 
approach were selected; two additional genes were chosen (CXCL10 and IL10), thus creating 
a list of 15 genes for qPCR analysis. 
 
Fig. 3. Confirming expression of selected IFNγ-responsive genes by qPCR in PS and LS 
pigs. Figure markings indicate: (*) - significant difference between day 0 and day 2 
postinoculation; (#) - significant difference between low shedder and persistent shedder pigs; 
( )- significant shed by time interaction by qPCR; (▲) - significant shed by time interaction 
by Affymetrix.  
 
Fig. 4.  qPCR analysis of gene expression after in-vitro stimulation of porcine whole blood 
with various doses of IFNγ ± STE.  (A): genes involved in IFNγ signaling, LPS response, 
and antigen presentation; (B): genes involved in antimicrobial defense and oxidative burst; 
(C): inflammasome and cytokine signaling genes; (D): cell surface and extracellular defense 
molecules. Asterisk (*) indicate significant differences comparing each treatment versus no-
stimulation control; sign (§) depict significant IFNγ-dose-dependent response; number sign 
(#) indicates a significant STE + IFNγ-dose-dependent response. 
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Fig. 5.  Hierarchical clustering of the qPCR measured gene expression data in PS and LS 
pigs in vivo and in whole blood of healthy control pigs treated with various doses of IFNγ ± 
S. Typhimurium endotoxin in vitro. Color codes of red, black and green represent expression 
levels of high, average, and low, respectively, across the treatments shown.  
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Fig. 4 A.   
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Fig. 4. B. 
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Fig.4.C  
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Fig. 4. D 
 
 
0 
5 
10 
15 
20 
CD55 MMP8 TMEM176A 
Fo
ld
 c
h
an
ge
 in
 e
xp
re
ss
io
n
 c
o
m
p
ar
e
d
 
to
 n
o
-s
ti
m
u
la
ti
o
n
 
1 ng/ml IFN-γ 10ng/ml IFN-γ 100 ng/ml IFN-γ STE 
STE+1ng/ml IFNγ STE+10ng/ml IFNγ STE+100ng/ml IFNγ 
§ § 
* 
* * 
* 
* 
* 
* 
  
145 
 
Fig. 5.   
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Every clinical or subclinical infectious episode involves the microbe making contact 
with the host and host immune system interacting with the microbe (Cohn, 2002; Khor and 
Hibberd, 2012).  Thus, understanding host genetic make-up at a systematic level in 
relationship to pathogen systems is an essential step in understanding the biology of acute 
infection or a carrier state and investigating disease resistance.  Whole genome association 
studies in humans and animals convincingly show that disease outcomes are greatly 
indfluenced by host genetic variation including severity of the disease progression, ability to 
resolve the infection or development of the carrier state (Khor and Hibberd, 2012; Dozmorov 
and Dresser, 2010).  Many studies in domestic animals have been designed to unravel the 
genetic variation associated with disease resistance, in order to advance our understanding of 
disease pathogenesis and support marker-assisted selection to develop lines of animals with 
improved immune function (Zhou and Lamont, 2007; Kaiser et al., 2009; Galina-Pantoja et 
al., 2009).   
The purpose of the research presented in this dissertation was to contribute to the 
understanding of factors underlying disease resistance in swine by investigating genetic 
variation associated with swine response to Salmonella.  As swine are often asymptomatic 
carriers of Salmonella, increased resistance to such carrier state would contribute to less 
Salmonella shedding and thus reduced Salmonella contamination on the farm and in the food 
chain.  Thus, the main objectives of the research were: 1) using our integrated global gene 
expression and bioinformatics analysis approach to discover candidate genes with SNPs that 
can be associated with Salmonella-related phenotypes and potentially affect Salmonella 
shedding and/or the carrier status in swine; 2) analyzing expression of a set of genes 
regulated by IFNγ, a cytokine whose serum levels are correlated with Salmonella shedding in 
swine, to determine potential biomarkers for assessing the quality of swine immune response 
that could be used to predict the shedding status of swine.   
To identify SNPs potentially involved in regulation of swine response and/or 
resistance to Salmonella, a candidate gene approach was used. Global gene expression 
studies have analyzed differential gene expression in swine challenged with S. Choleraesuis 
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and S. Typhimurium (Wang et al., 2007; Wang et al., 2008).  Analysis of a large number of 
differentially expressed genes comparing S. Typhimurium and S. Choleraesuis infected swine 
facilitated finding common genes representing pathways potentially important in swine 
response to both pathogens.  For analysis of SNPs, this common gene list was further refined 
using literature sources to find a set of genes that can be important in swine immune response 
to pathogens in general (Uthe et al., 2011).  To identify SNPs in the selected candidate genes, 
databases such as Pig Expression Data Explorer (PEDE) and Dana-Farber Cancer Institute 
(DFCI) Pig Gene Index were employed.   
Another experiment using S. Typhimurium-challenged swine described two classes of 
pigs (Uthe et al., 2009).  Based on the extent of the fecal shedding over 21 days post-
inoculation, pigs were classified into low shedders (LS) and persistent shedders (PS). 
Microarray analysis revealed important gene expression differences between the two 
shedding classes at day 2 post inoculation (Huang et al., 2011).  Genes that were 
differentially expressed between the LS and PS swine served as a source of candidates for the 
study of SNPs associated with disease traits. To quickly screen a list of about 2500 selected 
candidate genes for the presence of SNPs, bioinformatic analysis using anexdb database 
(www.anexdb.com) was utilized.  
The SNPs, selected using criteria outlined above and described in detail in chapters 2 
and 3 of this dissertation (Uthe et al., 2011a; Uthe et al., 2011b), were genotyped by 
Sequenom technology using several porcine populations that total 750 swine. The population 
of 228 pigs, called IAH-Compton, was produced and analyzed by others, with samples and 
phenotypic records kindly provided to us (van Diemen et al., 2002); while the three 
populations, NADC-40, NADC-77 and Field, a total of  522 pigs, were unique for this work.  
Developing test populations with relevant phenotypic records is as essential as selecting most 
appropriate candidate genes.  Creation of relatively large porcine populations with qualitative 
and/or quantitative Salmonella-related phenotypes requires substantial expense and logistic 
work.  This study describes the isolation and use of DNA samples from a novel large, natural 
Field population with Salmonella shedding phenotypes by an extensive survey and collection 
of samples from swine in Iowa farms (Wang et al., 2010).  Genotyping of swine from the 
four populations and statistical association analysis resulted in discovery of several novel 
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SNPs in 12 functional candidate genes associated with Salmonella-related phenotypes, such 
as tissue colonization and/or fecal Salmonella shedding.  The genes with associated SNPs 
represent several functional classes, including genes with known function in immune 
response (TAP1, GNG3, CCR1, CD163) as well as genes involved in other cellular processes 
including metabolism (AMT, ACP2), cytoskeleton function and protein folding (VCL, 
CCT7), iron exchange (HP), cell-cell communication (EMP1) and oxidative burst function of 
neutrophils and macrophages (NCF2, PGD).  Thus, genes with associated SNPs represent 
several pathways important in the swine response to Salmonella.  For instance, the 
importance of neutrophils and macrophages oxidative bactericidal capacity in swine and 
mice response to Salmonella has been described (van Diemen et al., 2002; Sancho-Shimizu 
and Malo, 2006).  By associating two SNPs in NCF2 gene and a SNP in PGD gene, involved 
in NADPH oxidase function, this thesis research further supports the role of neutrophil and 
macrophage function in the swine response to Salmonella.  Genetic variation in genes 
representing a variety of cellular functions from immunity to metabolism indicates the 
complexity of the swine response to Salmonella and suggests that swine resistance to 
Salmonella is a multigenic trait.  The SNPs analysis studies described in chapters 2 and 3 
suggest several potential candidate genes to be further evaluated as markers for selection of 
swine with improved immune function and reduced Salmonella shedding.  Additionally, the 
novel genetic associations provide useful information for the pig industry regarding strategies 
for selecting swine with improved disease resistance.  
Furthermore, research presented in this dissertation shows that strategic selection of 
functional candidate genes can be useful in successfully detecting genetic associations even if 
a relatively small number of genes and SNPs is genotyped using a relatively small number of 
animals.  Therefore, we conclude that a bioinformatics approach, integrating the genetic and 
functional analysis of a large set of genes, is a useful strategy for optimizing the selection of 
candidate genes for genetic variation analysis.  Coupling bioinformatics and a systems 
biology approach provides powerful tools for better understanding of the porcine response 
and resistance to diseases.   
One of the major immune response mediators, IFNγ, has been shown to be important 
in swine response to Salmonella by transcriptomic and pathway analysis (Huang et al., 2011). 
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Furthermore, serum levels of IFNγ have been positively associated with shedding of 
Salmonella in swine (Uthe et al., 2009). Thus, research presented in the chapter 4 of this 
dissertation focuses on a postulated role of IFNγ-regulated genes in the differential swine 
response to Salmonella. Microarray analysis of whole blood of swine challenged with S. 
Typhimurium identified large numbers of differentially regulated transcripts between PS and 
LS pigs at 2 days p.i.  A candidate gene selection strategy using gene expression data and 
literature evidence resulted in selection of 15 candidates representing different aspects of the 
IFNγ-regulated response. The selected genes represented a variety of immune functions, 
including endotoxin recognition and antigen presentation (LY96, TAP1, PSMB9), IFNγ and 
cytokine signal transduction (IRF1, JAK2, IL10, IL18, CXCL10),  inflammasome-related 
processes (CASP4), function related to oxidative burst and antimicrobial defense (CD55, 
CYBA, NCF1, SOD2) as well as less specific immune function (MMP8, TMEM176A).  
Based on the microarray and qPCR analysis, the selected genes were confirmed to be 
induced in the PS swine. Furthermore, majority of the selected candidates were differentially 
expressed comparing LS and PS swine, suggesting the potential of some genes to 
discriminate between the two Salmonella shedding classes. Hypothesizing that the 
differential gene expression pattern in PS and LS swine could be influenced by the levels of 
circulating IFNγ, we opted to analyze expression of the selected genes after in vitro treating 
swine whole blood with varying levels of IFNγ such as 1, 10 and 100 ng/ml, with and 
without S. Typhimurium endotoxin (STE).  Analysis of selected IFNγ-responsive genes after 
in vitro IFNγ +/- STE challenge also investigated whether an in vitro assay could be 
developed to mimic the gene expression patterns specific to the persistent shedder swine. 
Such an in vitro gene expression assay, characteristic to transcriptional response of swine 
with specific shedding phenotype could be useful in developing tests or markers for 
prediction of immune response in swine without the need for pathogen challenge.   
The study showed that the response pattern of several IFNγ-regulated genes was 
dependent on the specific level of IFNγ used. Furthermore, hierarchical clustering of gene 
expression patterns in PS and LS swine in vivo with in vitro gene expression following whole 
blood stimulation with IFNγ +/- STE showed that IFNγ stimulation at two doses (10 ng and 
100 ng/ml) closely resembled gene expression patterns of PS swine at 2 days p.i., but 
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required a presence of STE.  Thus, expression of IFNγ-regulated genes in whole blood of PS 
swine in vivo is influenced by STE.  Of most interest is the demonstration that high doses of 
IFNγ, but not a lower dose, in vitro can mimic the patterns of gene expression observed 
specifically in the PS class of shedding pig. Several gene clusters were shown to closely 
resemble the response of PS pigs. The cluster with the highest gene expression similarity 
between in vitro and in vivo analyses (CASP4, SOD2 and NCF1) was followed by a cluster 
with CXCL10, PSMB9, TMEM176A, JAK2 and TAP1; and then a cluster of IL10, IL18 and 
IRF1 with a slightly more divergence in expression.  Thus, this study identified several genes 
that can be further evaluated as potential candidates for development of predictive assays for 
immune response and/or shedding phenotype of swine.    
In general, the research presented in this dissertation contributed new information for 
better understanding of swine genetic variation in response to Salmonella. Several novel 
SNPs in functional candidate genes were described that could be further analyzed as 
biomarkers for selection of swine with improved immune responses. Furthermore, several 
clusters of IFNγ-regulated genes suggest that expression analysis of the specific set of 
biomarkers could be useful for developing in vitro tests for prediction of swine Salmonella 
shedding phenotypes.  IFNγ-regulated genes are good candidates for further analysis of 
potential classifier sets to better understand and confirm the ability of small sets of genes to 
classify swine according to Salmonella shedding phenotypes and to develop predictive 
screening assays for swine with improved immune function and reduced bacterial shedding.   
Further investigation of factors involved in regulation of immune response as well as 
expression regulation of relevant functional gene sets can be useful to better understand the 
variation in Salmonella shedding and/or colonization in swine. Availability of swine genome 
sequence allows for genetic analysis of promoters and other regulatory sequences that could 
give useful insights in regulation of gene expression among swine with different shedding 
phenotypes.  
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